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Abstract 
 
The use of backfill in underground mining is increasing due to need for systematic backfilling of 
mine openings and workings. Backfill is defined as the material or materials that are utilised in 
void openings of underground mines for mining technical or mining safety purposes. Backfill is 
applied in order to prevent fires and explosions, to improve mine ventilation, to improve the 
stability of the rock, to reduce subsidence effects at the surface, as well as for economical and 
environmental factors. Sources of materials were from the mining industries and mining related 
(e.g. fly ash, Flue Gas Desulfurization (FGD) –gypsum, slag, infertile overburden, tailings, filter 
dust, residues from mineral processing) or other industries (e.g. incineration ash, used building 
material, old bricks, used foundry sand, furnace blow-out). Mining with backfill technology helps 
mining companies achieve many of these goals. The technology of backfilling enables a wide 
range of engineering solutions for particular mine sites and their unique sets of problems and 
opportunities. Carefully engineered and efficiently run backfill systems can significantly enhance 
a mining operation. By contrast, badly engineered and poorly run backfill can be a serious 
impediment to the mine and, worst of all, compromise safety. 
 
This study is to investigate backfill materials and techniques suited for systematic selection and 
application of backfill in underground mines. Laboratory tests were carried out on physical, 
chemical and mechanical properties of different backfill materials and mixtures thereof. Special 
attention was paid to materials generated as by-products and other cheaply available materials e.g. 
fly ash and FGD-gypsum from power plants, natural and synthetic anhydrite. The system 
selection, application and placement of backfill in mines are truly multi disciplinary processes.  
Backfill technologies investigated more in depth are paste, hydraulic and dump backfill as well as 
combinations thereof. There is a good chance that one of the different material mixtures 
investigated can be used as a technically and economically viable backfill for underground mines. 
The testwork may be required to confirm the suitability of available materials for a particular 
system. In summary, the systematic selection of backfill materials from by-products, mine waste 
and tailings from the mineral processing of mining industry and other industries were suited as a 
backfill material. 
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mm2   Square millimeter 
ml   Millilite 
mm/m   Millimeter per meter 
mW/g   Milliwatt per gram 
MPa/s   Megapascal per second 
N/mm2   Newton per square millimeter  
μS/cm Microsiemens per centimeter  
List of Abbreviations            XXII 
μg/l   Microgramm per liter  
μm   Micrometer  
s   Second 
t   Tonne 
t/a   Tonne per year 
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Chapter 1 
Actuality and Importance of Backfill Use in Mines 
 
1.1 Actuality and importance of backfill 
Underground mining activities lead to surface impacts caused by subsidence 
movements (Fig. 1.1 and 1.2). The mining method is the component of subsidence that 
influences its environmental impact. The following mining techniques produce 
associated surface subsidence (Whittaker and Reddish, 1989): 
1. Longwall mining 
2. Sub-level caving 
3. Room-and-pillar mining 
4. Block caving 
5. Stope mining 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Children’s hospital affected by underground mine subsidence in 
Oppenheim, Germany (after Bell et al., 2005) 
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Figure 1.2: Cross-section of subsidence trough, a Zone of shattered roof beds over mine 
excavation; b fissured intermediate zone; c surface zone; γ limit angle from edge of 
working to trough margin  (after Kratzsch, 1983). 
 
The resultant surface impact is a large shallow depression or basin in the ground, which 
is usually circular or elliptical in shape, depending primarily on the geometry of the 
mine workings and the geological conditions.  
 
Four types of measures may control subsidence damage: alteration in mining 
techniques; post-mining stabilization; architectural and structural design; and 
comprehensive planning (SME, 1986). None of these measures entirely prevents 
subsidence, and most of the measures address only impacts to man-made structures and 
facilities and not impacts to land use, including aquatic species, wildlife habitat and 
human recreation, or water quality and flow. 
 
Alteration in mining techniques can be accomplished through a variety of methods 
including partial mining, backfilling, mine layout or configuration, and extraction rate. 
Partial mining involves leaving protective features such as pillars. It should be noted 
that in areas supported by protective zones, water might become perched at a higher 
level than the surrounding ground that has subsided. If a water table was high, the area 
intended for protection may become an island or experience a lowered water table 
(SME, 1986). This may be an important limitation with respect to establishment of 
protective zones to protect surface water such as lakes or wetlands. 
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Backfilling may be done by hydraulic or pneumatic techniques, using a variety of 
materials including run of mine waste rock, milled tailings, or other materials, and may 
include the use of cement or other modifiers to increase strength. It may also have a 
beneficial effect on the environment by addressing water quality impacts (such as from 
acid drainage), reducing waste rock disposal requirements, reducing ground fissuring, 
and increasing long-term strata stability and providing roof support. Backfilling does 
not eliminate subsidence entirely, but only reduces the amount of subsidence (SME, 
1986). 
 
Post-mining stabilization techniques include backfilling, grouting, excavation and fill 
placement, and blasting (SME, 1986). The extent to which post-mining stabilization 
techniques can be relied on to mitigate subsidence damage is uncertain, as they require 
assessment of long-term stability. But analytical methods to predict the long-term 
stability of overburden in room-and-pillar (Mine, 1986) and other mining methods need 
significant improvement. 
 
The use of backfill in underground mine openings and workings is increasing due to 
need for systematic selection (Grice, 2001). Backfill is defined as the material or 
materials that are utilised in void openings of underground mines for mining technical 
or mining safety purposes. Backfill is applied in order to prevent fires and explosions, to 
improve mine ventilation, to improve the stability of the rock, to reduce subsidence 
effects at the surface, as well as for economical and environmental factors. Sources of 
materials are from the mining industries and mining related (e.g. fly ash, Flue Gas 
Desulferization (FGD) –gypsum, slag, infertile overburden, tailings, filter dust, residues 
from mineral processing) or other industries (e.g. incineration ash, used building 
material, old bricks, used foundry sand, furnace blow-out). Mining with backfill 
technology helps mining companies achieve many of these goals. The technology of 
backfilling enables a wide range of engineering solutions for particular mine sites and 
their unique sets of problems and opportunities. Carefully engineered and efficiently run 
backfill systems can significantly enhance a mining operation. By contrast, badly 
engineered and poorly run backfill can be a serious impediment to the mine and, worst 
of all, compromise safety. 
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1.2 Analysis of backfill research 
In the 1970s, the emphasis in industrialised countries was on mechanisation and high 
production rates, leading the way to bulk mining methods and large open stopes. This 
meant that backfill exposures were becoming larger and that pressure for producing 
structurally stable backfill masses at a low cost was increasing. Backfill research 
initiatives pursued at operations such as Kidd Creek mine in Ontario, Canada and 
Mount Isa Mines in Queensland, Australia led to the development of varieties of 
cemented backfills having relatively strong structural properties and low overall cement 
content (Potvin, 2005). 
 
For example, the addition of waste rock, quarried rock or aggregate to cemented tailings 
at a 2 to 1 ratio allowed backfill walls exceeding 200 m in height by 40 m wide to be 
routinely exposed without significant dilution at Mount Isa Mines. This backfill 
effectively contained less than 10 % cement content (Cowling, 1998). 
 
Sustained research led to further reductions in cemented backfill cost by substituting 
cement, an effective but often expensive binder, with cheaper substitutes such as ground 
furnace slag and fly ash. It was found that although such substitution can produce 
backfill with low early strength, in the long term, the backfill strength was adequate for 
most applications. 
 
The North American mining industry in the 1980s and 90s faced new challenges, 
including the extraction of deep reserves and the recovery of highly stressed sill pillars. 
The trend towards mechanisation and high productivity was accelerating. Whilst stope 
dimensions gradually became smaller to accommodate high stress conditions, the 
requirement for the rapid turn around of stopes and high tonnage output called for mine 
backfills of different characteristics. Rapid curing time became an essential 
specification to achieve the compressed production cycles (Potvin, 2005). 
 
The practice of mixing waste rock with thin cement slurry (with no tailings) eliminates 
the need for drainage and bulkheads. It produces a matrix of rocks bound at contact 
points with cement offering not only a fast curing and structurally strong backfill mass 
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but also a very simple, flexible and low capital cost backfilling system, with overall cost 
depending mainly on that of delivering the waste rock. Delivery of cemented slurry rock 
backfill to stopes is done with mobile equipment gathering rock backfill from passes or 
chutes, then driving through underground cement stations where cement slurry is 
poured over the rock. Mixing of the rock and cement slurry occurs as it is tipped from 
the edge of the stope. 
 
Research into paste backfill technology undertaken in the 1980s, followed by its 
implementation in many North American mines in the 90s, was also driven by the 
elimination of drainage, fast curing and fast turn-around time to backfill stopes. The 
paste backfill was promising another strategic advantage over cemented slurry rock 
backfill in that it disposed of large volumes of mine tailings underground. This 
increasingly became the main driver for the development and implementation of paste 
backfill, as the mining industry wanted to improve its image towards impact on the 
environment, and realised the true cost of tailings surface disposal. 
 
Not long after, the first North American paste backfill application followed at the Lucky 
Friday mine in Idaho in the US (Brackebusch, 1994). The plant was designed like a 
concrete batching plant. Although the paste was pumped to the shaft, the underground 
reticulation was gravity driven. The pipelines were not kept full and excessive wear 
issues had to be overcome. 
 
Also in the early 1980s, Australia attempted to implement a paste backfill system at the 
Elura mine in New South Wales (Barrett, 2000). However, a number of technical issues 
were never overcome and the plant was later transformed to produce hydraulic backfill. 
This unsuccessful trial may have contributed to the relatively slow implementation of 
this technology in Australia, with the first fully producing plant commissioned in 1997 
at Henty Gold mine (Henderson et al., 1998), followed by Cannington in 1998 (Skeeles, 
1998) and Mount Isa mines (Kuganathan, 2001), and Junction mine. 
 
Grice (1989) has described backfill research activities at Mount Isa Mines that cover a 
wide range of topics and include the design, production and placement of multiple 
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backfill types into the underground operation. A variety of backfill types and placement 
methods are used at Mount Isa to suit the different mining methods and performance 
requirements of the backfill. Where the backfill is required only to backfill the extracted 
void and to provide regional support, uncemented backfills are used. However, the 
majority of backfill is subsequently re-exposed and therefore must be cemented. 
backfilling is an integral component of the mining operations and the research activities 
are targeted at the optimisation of ore extraction by improvements in backfill design and 
techniques. Research covers the major areas of backfill type and system design, 
production, placement and performance. 
 
Inco Limited has led the paste backfill R&D effort in Canada, from the early 1980s to 
the commissioning of the first Canadian paste backfill plant at the Garson mine in 1994. 
Following the success at Garson, paste backfill was rapidly adopted by a number of 
other Canadian operations such as Chimo (Vallieres and Greiner, 1995), Lupin (Hinton, 
1996), and Louvicourt (Lavoie, 1995). 
 
Fall et al (2004) have described how the increasing use of paste backfill in underground 
mining makes it necessary to quantify the effect of sulphate on the strength 
development and economical performance of paste backfill. Therefore, the main 
objective of this study was to develop a methodological approach and a mathematical 
model to analyze and predict the strength development and cost of underground paste 
backfill containing different amounts of sulphate. This study demonstrates that the paste 
backfill can be defined as a ‘‘mixture system’’. It was able to show that a material 
model based on quadratic functions can be a suitable basis for the prediction of both the 
mechanical (Uniaxial Compressible Strength : UCS) and economic (binder cost) 
properties of paste backfill. The developed models allowed to obtain valuable results 
about the relationship between the sulphate quantity and the mechanical performance of 
the backfill and the prediction of its strength at different curing times. This study has 
demonstrated that the sulphate significantly influences paste backfill strength. This 
influence is related to its concentration, the curing time and the amount and chemical 
composition of the cement. 
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Kesimal (2003) has studied one of the most important characteristics of a backfill 
material is the particle size distribution. This experiment has focused on the effect of 
deslimed mill tailings on paste backfill performance at a copper–zinc mine in northeast 
Turkey. The use of sedimentation methods to deslime has a widespread utilisation and 
is regarded as a true fractional size analysis practice. The common laboratory method of 
beaker decantation was used for desliming in order to determine the optimum particle 
size distribution. For studying the beaker decantation, two mine tailings, namely tailings 
samples A and B are used which have particles 52 and 54 wt % finer than 20 µm, 
respectively. The fines content (20 µm) of each tailing were reduced to 15, 20, 25 and 
30 wt % via desliming. Deslimed tailings then were tested to investigate the relationship 
between particle size and strength gain. It was found that strength ranges of the 
deslimed tailings were from 12 % to 52 % higher than as-received mill tailings. 
 
Benzaazoua et al (2004) have studied the pollution potential of pyrite and arsenopyrite 
was examined through tailings from a European gold mine. The project was to study the 
geochemical behaviour of the tailings both before and after their inclusion into a 
cementitious matrix. Such a study requires extensive characterization of the tailings. 
The performance of Solidification and Stabilization Processes (SSP) was examined by 
studying the evolution of the leaching process in the tailings in alkaline media as well as 
the evolution of the microstructure and chemical composition of paste samples after 
enhanced leaching experiments done in a Soxhlet extractor. Both general and specific 
tendencies of weathering patterns were obtained from optical microscope observations 
coupled with a semi-quantitative EDS analysis in the weathering fronts. XRD SEM 
investigations and XPS were used to characterize the formation of secondary products. 
The main findings were that transfers inside paste samples are minimized due to the low 
permeability of the paste and the in situ precipitation of calcium sulphates and arsenates. 
These leaching tests show that lime enriched cement has high retention potential for 
arsenic, even though its porosity is increased by the dissolution of portlandite at the 
periphery of leached samples. In other samples, the carbonation of portlandite in the 
border front could be the factor which leads to arsenic release. As revealed by optical 
and SEM microscopies, the observed weathering fronts remain small, even in long 
duration experiments. These observations reinforce the interest in paste backfill using 
conventional hydraulic binders for the solidification and stabilization of sulphide 
tailings. 
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The first operational paste backfill system was built in the early 1980s at the Bad Grund 
mine in Germany (Potvin, 2005). Paste backfill reticulation was assisted with piston 
pumps to overcome the long horizontal distance from the shaft to the delivery points in 
the active stoping area. The pipelines were run full to minimise wear and the cement 
was added in the pipeline only near the delivery point. 
 
Minkley et al. (2006)  has described in the Merkers potash mine those working areas 
which have not been dimensioned in the past in a stable way are now stabilized by 
inserting rock salt as backfill material. The procedure concerns predominantly such 
working areas which have been mined in the carnallitite of the Thuringia seam 
following the room-and-pillar technique. The purpose of this type of stowing is to 
provide a permanent stabilization of the mine layout and thus to prevent rock burst 
danger. The purpose is fulfilled by limiting the de-strengthening processes running in 
the pillars since several dozens of years. 
 
Brennecke and Schrimpf (2004) have referred in Germany, abandoned and still 
operating mines have been used for hazardous waste disposal for many years. With 
respect to the disposal of chemotoxic waste and other residues more than 20 mines are 
presently in operation. One of the most well-known facilities is the Herfa-Neurode 
mine, part of a still-operating potash mine in the bedded salt of the Werra-Fulda district 
in central Germany. This mine particularly accomodates chemotoxic waste. Joint 
operations of ongoing mineral extraction and waste emplacement provides the 
advantage of a shared infrastructure, reducing operating costs. 
 
Wendland and Himmelsbach (2002) have proposed the subsurface disposal of industrial 
residues in coal mine beneath densely populated urban areas is important in North-
Rhine-Westphalia, Germany. The residues from electric power plants consist of filter 
ashes (fly ash) and desulphurization residues. These are being injected underground 
because suitable surface storage areas are no longer available. Furthermore, long-term 
enclosure of potentially toxic pollutants at the surface requires expensive technical 
measures and constant monitoring of the landfill area. On the other hand, existing 
geological barriers surrounding and underground repository can ensure some of these 
measures. Appropriate geological host rock condition  are found in underground mines 
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in the Ruhr Region. The waste material is being used for construction and for 
backfilling cavities behind longwall facings. This process diminishes surface subsidence 
and renders the ventilation of the underground pits more effective. From the viewpoint 
of waste disposal as well as mining, underground deposition is thus economically 
reasonable. However, this procedure is only acceptable if the environmental 
compatibility is guaranteed;  the materials should not endanger the biosphere or 
hydrosphere. Human, animal, and plant life must be unconditionally protected. The use 
of mines as repositories therefore requires a clear demonstration that contaminants that 
might reach the surface after thousand of year will not cause any harm. 
 
Martens and Kaufmann (1997) studied surface subsidence and day falls in old 
underground mines caused two companies to order research studies on how to plan 
backfilling. One of the mining field is still operating and accessible, while the other is 
not accessible anymore and can only be reached by drilling from the surface. Both fields 
are situated within nature reserves so that noise and other emissions have to be kept at a 
low level. The planning of these backfill operations is based on the comparision and 
assessment of ways to deliver backfill material to minesites, on the backfill 
infrastructure (storing, mixing, transport) and the backfilling methods. Besides  
technical set-up of the equipment also the procedure of backfilling has to be planned. 
The backfill material is modified to guarantee sufficient flowability and the sufficient 
compressive strength. For backfilling in both mines varible and fixed costs are 
estimated. Tests proved the suitability of a rented concrete mixing plant to backfill the 
closed mine. The operating mine currently implements the results of this study into their 
operation. 
 
Knissel and Helms (1983) have described laboratory tests of uniaxial compression 
strength of cement rockfill from washery refuse of coal mines in the Ruhr District of 
Germany and portland cement have shown, that the main factor of influence are cement 
content, age and water-cement ratio. For cement content up to 15 % strength will 
increase proportionally with increasing content of binding agents. Moisture content 
respectively water-cement ratio is the greatest influence to strength. For a definite 
aggregate type and cement content an optimum water-cement ratio can be calculated to 
achieve maximum possible stregth. Density respectively porosity of cement aggregate 
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mixtures depends linearly on moisture content, if the rockfall is not compacted. 
Measuring the consistence of fresh mixtures is difficult. The vane shear test seems to be 
appropriate for in situ tests. 
 
Palarski (1994) introduced tailings backfill into Polish coal mines in 1994. Over the past 
hundred years, considerable work has been done on the assessment of optimum 
mixtures, the development of flexible delivery system, and the adjustment of fill 
technology to a wide variety of mining and geological conditions. Sand or industrial 
waste material for the backfilling of underground workings is used as a support 
mechanism to control ground deformations and surface subsidence. 
 
Mohrmann et al. (1995) have described to use of brown coal filter ash (BFA) in German 
mining.  Every year, brown coal used in coal-fired power stations to produce electricity. 
A by-product from power station process is the BFA. The remaining voids in 
undergorund mine were completely backfilled by BFA mix with cement and mine 
waste. The backfilling with BFA was performed slurry via pipes and dumped into the 
mine voids.  
 
Menninger et al. (2003) have described to the company GEOMIN-Erzgebirgische 
Kalkwerke GmbH, which has its main department in Lengefeld, also belong plants in 
Hermsdorf, Hammerunterwiesenthal and Oberscheibe, just south of the State Saxony. 
GEOMIN produces by underground mining calcitic and dolomitic marble which is 
processed to fillers, powder, fine sand, granules and decorative gravel. After century-
long mining in up to 5 limestone-quarries, the underground room and pillar production 
began in the year of 1880 in the part of the quarry "Fiskalischer Bruch". The excavation 
of deep underground structures disturbs the initial stress field of the surrounding rock. 
The remaining underground mine voids between the pillars and host rock will be 
dumped backfill with low grade limestone and mine waste. The backfill material will 
compact sufficiently to support the rock around the pillars and drifts. 
 
Li et al. (2002) have described the development and application of paste fill using dry 
tailings at St Ives Gold, Gold Fields. Three phases of extensive sampling and testing 
were conducted on dry tailings and examined various material properties, including 
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moisture content, sizing, mineralogy, residual cyanide, salinity and rheology. The 
success of these tests and of a large scale in situ trial led to a purpose built plant, with a 
capacity of 120 to 150 m3/hr, which was commissioned during October-December 
2001. The behaviour of the paste was monitored using hydraulic pressure cells and 
showed very consistent results during the curing and exposing of the paste fill. Some 
numerical modelling has also been undertaken to analyse the paste behaviour. It has 
been demonstrated that paste fill made from dry tailings can reduce the capital cost and 
shorten the project start-up time significantly. The operating costs are comparable to 
that of the conventional paste fill using wet tailings. The other major benefit is the 
consistency of the dry tailings and dune sands, resulting in high paste fill quality. 
 
As a relatively new underground mine backfill technique, the approach to backfill 
selection and application in practical mining operations is still development, although 
some rules and rationales have been established through recent research and company 
standards. The backfill selection procedure is very data-intensive, bringing a wide range 
of relevant data and knowledge together to support the necessary decision making and is 
very time consuming. As with most engineering problems, backfill selection requires 
substantial practical judgement based on a large amount of information and experience.  
The reasons for backfilling include ground control, economics, environmental 
considerations and the need for preparation of a working floor as in cut and fill 
operations for example. The environmental concern has grown in recent years and this 
trend is unlikely to end. Backfill operational concerns include backfill transportation, 
bulkheads, quality control, backfill material preparation, placement, maintenance, 
labour and stope preparation.  
 
In undergorund mining with backfill, inter-chamber pillar recovery operations are 
closely related to stability of surrounding backfill, which is governed by stope size and 
mechanical properties of the host rock. Backfill of various solid compositions has been 
employed as an artificial support with considerable popularity in recent years. The most 
widely used cemented backfill consists of classified tailings, or mixtures of rock, sand 
and cement. Results of practical studies show that cement content in a backfill and its 
slurry density are essential factors affecting backfill stability and the economy of 
backfilling. The uncertainty in backfill selection, based solely on theoretical or 
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numerical modelling techniques, without experimental or practical input, may result in 
backfill block failure or excessive consumption of cementing material. In cyclic 
backfilling, the backfilled orebody is utilized mainly as a work platform and so the 
cement content required of this platform is generally higher than that necessary in 
delayed backfill, because of the short curing times available and need for rapid 
deployment of heavy mining equipment in the stopes. Hence, the backfill strength must 
be properly designed not only for pillar recovery in subsequent mining operations, but 
also for heavy equipment use. 
 
The backfilling method used is often dependent on the mining system adopted and can 
be classified into two general groups; these are cyclic and delayed backfilling methods. 
With delayed backfill, the backfill must be capable of existing as a free standing wall 
after being exposed during pillar recovery. In-situ monitoring and observations have 
shown that stress and deformation conditions developed within backfill resulting from 
self-weight effects relate mainly to exposed backfill height, and so the stope size can be 
regarded as a key parameter in determining appropriate backfill strength requirements. 
In cyclic backfilling systems, backfill in each operation cycle acts as a platform for 
mining equipment or mining may occur below, beside or through the backfill and the 
engineer must design for these conditions and requirements (i.e. under cut & fill or 
undermining). The major factors determining traffic stresses are: loads transmitted by 
vehicle wheels, area of load influence, number of load repetitions, vehicle speed, 
contact area of tires, number of tires in the assembly, and spacing between axles. 
 
To define appropriate backfilling methods, the following criteria are proposed: 
1. Backfill technology should be reliable and guarantee safety and continuity in mining 
operations. The filled body should provide good support for the surrounding rock mass. 
2. Backfill capacity should be optimized based on technical and economic analysis and 
backfilling operation time should not exceed 20 % to 25 % of the overall mining 
operation period. 
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1.3 New method of systematic selection of backfill 
This study is for the selection process of backfill. Therefore, backfill performs many 
functions in underground mining operations, depending on the mining methods used, 
available materials and other factors. The backfill system selected must be capable of 
backfilling mined voids at a rate that will not interrupt the mining schedule. The 
systematic selection procedure of backfill consist of (Fig. 1.3): 
 
- The primary source of backfill materials will be local to the mine. The material 
delivered must be strong enough to support mining equipment and/or subsequent 
backfill exposures with acceptable stability and minimal failures, to ensure complete 
extraction of ore reserves. 
- Dilution of ore can come from slabbing of waste from the walls and/or back of a stope 
and from collapse of a backfill exposure from an adjacent stope. Ore loss will occur if 
dilution and/or local instability prevent the extraction of mineable ore reserves, or if 
dilution becomes excessive. Both can be minimised if the backfill material is strong 
enough to support all exposures and stiff enough to provide adequate confinement to 
stope walls to prevent or restrict local failures. 
- The backfill must contribute to maintaining the overall stability of the mine, so that 
operations can proceed safely. 
- Higher backfill strengths are achieved by adding more binder, so costs are higher. 
However, any required strength can usually be achieved using a number of different 
mixes, so testing is necessary to identify the optimum mix from the available materials. 
The relative prices of Portland cement and pozzolans, the cost-effectiveness of chemical 
additives and the potential savings from disposal of tailings or waste rock as backfill 
must all be incorporated into the determination of capital and operating costs. 
- The choice of a system often depends on the cost and availability of the necessary 
constituents at a particular site. In practical terms, most materials are usually available 
and their application will be determined by their relative costs, performance 
characteristics and convenience of use. This system involves a cost/benefit analysis of 
those systems that meet the basic technical and operational requirements. Some systems 
can usually be eliminated because the materials required are not available locally, or 
because they are not applicable to the particular mining methods being considered. In 
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some instances, environmental considerations may significantly narrow the range of 
options. 
- The use of commercial by-products, including mineral industry and other industry, 
binders such as portland cement, FGD-gypsum and pozzolans (e.g. fly ash or bottom 
ash) and chemical additives, may be advantageous where such products are locally 
available and where suitable natural materials cannot be found.  Water is required for 
transport of hydraulic materials, hydration of binders and for dust control in dry 
systems. The suitability of these materials will depend upon the desirable characteristics 
of the backfill and the engineering characteristics of the products. 
- Preliminary test work is required to confirm the suitability of available materials for a 
particular system. A particle size analysis of mill tailings is essential if hydraulic or 
paste fills are being considered. Tests that relate achievable strengths to the required 
rheological behaviour of the proposed distribution system are also valuable. Validation 
of assumptions and identification of local priorities (eg production flexibility, mullock 
disposal) and any constraints (eg impact on metallurgical recovery, environmental 
impact etc) are essential. 
- It is important to accept that the optimum system is the one that contributes to 
achieving the maximum value for the entire operation, not necessarily the lowest capital 
cost or the lowest cost per tonne of backfill placed. Therefore the backfill system 
selection cannot be made in isolation, but must be integrated into the overall design and 
optimisation process. 
- For backfilling an application of the following techniques is possible: gravity backfill, 
hydraulic backfill, pump backfill, pneumatic backfill, slinger backfill, dumped and 
slided backfill and stacking backfill 
- In the case of wastes containing or contaminated with organic substance or heavy 
metal, limit of elution of backfill materials being considered. To reduce the elution from 
the backfill from mine waste or industrial waste in order to get high strength, binder had 
to be added. 
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Figure 1.3: Systematic selection and application of backfill flowsheet 
1. Mining methods
2. Technical  requirement  for backfill (mechanical & chemical properties) 
3. Available materials
4. Selection materials
5. Backfill technology 
6. Technical feasibility of backfill
7. Economic evaluation
8. Environmental requirement 
9. Choice of backfill materials and technology 
10. Application of backfill 
11. Monitoring
No
No
No
No
Yes
Yes
Yes
No 
Yes
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Chapter 2 
Analysis of Mining and Backfill Techniques 
 
2.1 Mining technique specification 
The selection of the mining technique relies on the mining conditions, equipment 
available, industrial regulation, financial situation etc. Mining techniques applied to the 
backfill operation can be classified as either "cyclic backfill" or "delayed backfill" with 
certain constraints for each classification. Before describing the backfill techniques, it is 
necessary to understand the following terms (Hassani, 1998): 
(a) Mining object: Ore deposits are usually cut into smaller units - stopes or pillars. 
Each unit is a mining object. 
(b) Mining life: A period of time starting from the beginning to the end of the certain 
mining operation. It could be the stope life, pillar life, etc. 
(c) Backfill Purpose: The reason the backfill materials are employed in the mining 
operation. Backfill material is used in mining operations for at least one of the following 
reasons: 
1) Pillar recovery 
2) Sill pillar recovery 
3) Working Platform 
4) Ground support 
5) Waste disposal 
6) Mining on top, beside or under backfill 
 
(d) Mining Geometry: The dimension of the mining objects which is described by three 
parameters: length, height and width, and location of stopes relative to surface 
operations and other workings. 
 
Generally speaking, delayed backfill is applied for the situation where the rock mass 
conditions are relatively stable and efficient production is required. Stope recovery is 
normally fulfilled by delayed backfill except when the mining conditions are not 
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favourable. Cyclic backfilling is usually applied to situations where the rock conditions 
are relatively poor and a low dilution operation is required. Mining techniques related to 
delayed backfill are the following: 
1) Vertical Crater Retreat 
2) Shrinkage 
3) Sublevel Stoping 
4) Blasthole Stoping 
5) Room and Pillar 
6) Longwall 
7) Block caving 
 
The mining techniques related to cyclic backfill are the following: 
1) Overhand Cut & Fill 
2) Underhand Cut and Fill 
3) Cut and Fill with Post Pillar 
 
The specification of the mining techniques includes the following parameters: 
1) Mining object: Stope or Pillar. 
2) Rock condition (include the hanging wall, footwall, ore body). 
3) Mining operation productivity. 
4) Backfill Purpose. 
5) Life of mining object: Operation period of certain mining object. 
6) Mining method: Mining method and its classification. 
7) Mining geometry: Height, Length, Width of mining object. 
8) Primary Stress: Major principal stress, Intermediate principal stress, and Minor 
principal stress. 
 
Various approaches have been investigated to predict the optimum dimensions of 
certain mining objects, among which are finite element, boundary element and other 
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empirical formulas for specific mining cases. Previous mining experience and personal 
expertise also play an important role in practical mining design. 
 
2.2  Mining methods with backfill 
Mining methods using backfill are very popular and a large variety exist (Fig. 2.1-2.5). 
Backfill methods are used when ground can not be left open for any length of time after 
ore has been mined out. Cut and fill methods are recommended if high recovery is 
important, for instance in high grade orebodies. On the other hand, backfill is placed in 
sub-level open stopes which remain open during the active mining phase, but cannot 
remain open for long periods of time without jeopardizing general mine stability. 
Backfill is also used in open stopes for later pillar recovery. 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Typical mining methods: cut and fill (Hamrin, 1997) 
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Figure 2.2: Typical mining methods: open stope (Potvin, 2005) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Typical mining methods: room and pillar (Hamrin, 1997) 
 
 
 
 
Backfill 
Chapter 2: Analysis of Mining and Backfill Techniques                                                                             20 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Typical mining methods: Longwall mining (Whittaker and Reddish, 1989) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Typical mining methods: block caving mining (Brady and Brown, 1985) 
 
The classification presented below is considered the most basic for mining methods 
using backfill. 
Cyclic fill methods; overhand cut and fill and underhand cut and fill  
Backfill 
Coal 
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Delayed fill methods; sub-level open stopes and pillars, shrinkage stopes, room and 
pillar and post-pillar and  stope and pillar mining 
2.2.1 Cut and fill methods 
In both overhand and underhand methods, ore is mined in horizontal slices a few meters 
thick. 
Overhand methods. The most popular cut and fill method is the overhand method. Ore 
is removed in a series of horizontal slices, and as each slice is removed, backfill is 
placed into the stope, leaving sufficient working headroom to drill ore for the next slice. 
Operations in the stope normally consist of: backfilling, drilling, blasting, scaling, rock 
bolting, and muck removal. Depending on the nature of the surrounding rock, the 
thickness of slices can vary from a couple of meters in weak ground to 3 to 4 m in good 
ground. With some cut and fill stope configurations, a high degree of mechanization is 
possible using drilling jumbos and scooptrams. The efficiency of the method is linked to 
how independently all the various mining operations can occur without interfering with 
one another. Dilution can occur when ore is blasted on the cemented backfill floor, as 
some of the backfill may be scooped up with the ore. Great care needs to be exercised 
during mucking in order to minimize dilution of ore with backfill. A typical cut and fill 
method is captive cut and fill. This method requires minimal development work, but has 
the disadvantage of the equipment being 'captive' within the stope until the upper level 
drifts are gained. A variation called drift and backfill makes use of the drifting 
approach. Ore is drifted with jumbo and scooptrams; after the ore is removed, the drift 
is backfilled and mining can resume alongside, parallel to, or above the original drift. 
 
Another method, vertical cut and fill, can be used where the ore and walls are more 
competent and can be exposed over a height of 10 to 12 m. With this method, ore is 
drifted longitudinally with development equipment. After a slice has been mined out, it 
is backfilled tightly to the back. Mining can then proceed one or two lifts above the 
previously mined-out slice. When this last slice has been mined out, benching 
equipment is used to drill down holes to the first slice and the ore in between is benched 
out. Broken ore is removed and two cuts are then ready to be backfilled. 
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Sub-level cut and fill uses the principle described for the vertical cut and fill method, 
with the distance between the cuts being expanded. This method can be used where 
ground conditions are good and the wall can be left exposed over a greater distance. 
This method represents an improvement over normal cut and fill because drilling, 
blasting, mucking, and backfilling can be done independently of one another. 
 
Underhand cut and fill. As the name implies, ore is mined from the top level towards 
the lower level. This is a very specialized method and is not widely used. Mining ore 
starts on the top elevation in a horizontal cut. After enough ground is opened, posts are 
installed underneath the previously constructed backfill materials. The materials is then 
built and backfilling can proceed. Once the backfill has cured, the slice below can be 
mined. The operation is repeated until the level below is reached. 
 
2.2.2 Delayed backfill methods 
Sub-level open stopes and pillars 
The most widely used mining methods using backfill are in the broad category of sub-
level open stope methods. Sub-level stoping is best adapted to steeply inclined ore 
bodies which have strong walls and where ground conditions permit large opening sizes 
without causing undue dilution. The methods are used in large tonnage orebodies of low 
to medium grade. If the ore body is large, it will be mined with transverse stopes and 
pillars or perpendicular to the strike of the ore body. If the ore body is narrow (up to 30 
or 40 m), it is mined longitudinally. There is no limit to the size of ore bodies that can 
be mined with this method; it is one of the cheapest and most efficient when conditions 
are suitable. Used in combination with appropriate backfill material, 100 % ore recovery 
can be ensured. 
 
The general approach is to divide the orebody into a series of primary stopes and pillars, 
whose size depends on ground conditions and the size of the orebody. Mining then 
proceeds with the primary stopes in a sequence often referred to as the 1-3-5 sequence. 
Once a good number of primary stopes have been mined, mining the pillars can proceed 
and this is referred to as the 2-4-6 sequence. A typical sub-level method is Blasthole 
Mining with Delayed Backfill employing transverse mining panels. Both hydraulic 
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backfill and rock can be used in sub-level open stopes. Hydraulic backfill is introduced 
over an extended period of time through pipes located strategically in the upper end of 
the stopes, in order to achieve the best backfilling results. Cemented backfill is normally 
used in the primary stopes and non-cemented backfill is used to backfill the secondaries 
as, due to future mining, the stope will not be exposed. 
 
Shrinkage stopes. Ore is mined in a succession of horizontal layers and broken ore 
becomes the working floor. Only the exceeding swell is taken out of the stopes through 
a series of drawpoints or chutes. Once the upper level has been reached, the entire stope 
is emptied of its ore. At this stage the stope can be left open, or backfilled if the 
surrounding rack mass is not competent enough and poses a threat to the general 
stability of the mine. Shrinkage stopes are best suited for steep and narrow orebodies 
with competent walls. 
 
2.2.3 Room and pillar 
Room and pillar mining is well suited to horizontal or flat dipping orebodies extending 
over large areas. Ore is mined in rooms separated by rib or square pillars. Pillar design 
is guided by the depth of the mining zone, thickness of ore, stresses in the rock, and 
strength of the rock mass. Pillar design can in some cases ensure as much as 80 to 92 % 
ore recovery. For general mine stability and to limit surface subsidence, backfill is 
introduced between pillars after the ore has been mined. 
 
Post-pillar mining evolved from cut and fill transverse mining. Pillars are designed to 
fail after backfill has been placed around them. One interesting face of the method is 
that the pillars can be designed with safety factors of less than 1. The failed pillars are 
held together by the lateral earth pressure of the backfill and have load carrying 
capabilities. A number of cuts can then be made on top of each other. Post pillar mining 
offers advantages in variable shaped orebodies, too thick for regular room and pillar. 
The backfill introduced will be cemented for the working floors using a mixture of 1 to 
10 backfill to cement over approximately 30 cm thicknesses. 
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Stope and pillar mining is one of a variety of open stope techniques and only differs 
from room and pillar in that it is less systematic, having excavations and pillars of 
irregular sizes and shapes. This method is used only in hard rock mining, whereas room 
and pillar is more common in soft rock formations. Both stope and pillar and room and 
pillar mining are usually methods of choice in tabular orebodies. Production mining 
consists of mining a top slice of the ore zone and leaving behind both waste and ore 
rock as pillars for back support. Production mining continues downward by benching or 
upward by slabbing, while maintaining the continuity and integrity of the pillars. In 
slabbing, slices of ore are removed from the back much like cut and fill stoping. In the 
production mucking cycle, not all of the ore is removed, as some must be retained to 
build a ramp so that the production drill equipment can reach the back to mine the next 
slice of ore. The main disadvantage of the slabbing technique is the extra roof support 
required after each lift. The remaining underground mine voids between the pillars and 
host rock will be dumped backfill with low grade limestone and mine waste in 
Lengefeld Mine. The backfill material will compact sufficiently to support the rock 
around the pillars and drifts. 
 
2.2.4 Longwall mining 
 
Longwall mining is a highly productive underground coal mining technique. Longwall 
mining machines consist of multiple coal shearers mounted on a series of self-
advancing hydraulic ceiling supports (Palarski, 1994). The entire process is mechanized. 
Longwall mining machines are about 240 m in width and 1.5 to 3 m tall. Longwall 
miners extract "panels" - rectangular blocks of coal as wide as the mining machinery 
and as long as 3,650 m  Massive shearers cut coal from a wall face, which falls onto a 
conveyor belt for removal. As a longwall miner advances along a panel, the roof behind 
the miner's path is allowed to collapse. Longwall mining was first introduced in the 
1950s and 1960s. Today it accounts for more than half of all coal production in the 
United States. On any given day, a typical longwall mining system is capable of 
extracting between 10,000 and 30,000 tons of coal from a panel. The primary downside 
to this very productive technique is a prohibitive initial investment - longwall mining 
machines usually run between 5 and 15 million dollars. Longwall mining replaces the 
historical "room-and-pillar method", whereby underground "rooms" of coal are 
manually extracted and pillars are left to support the roof so miners can work safely. In 
mining regions deeper than 300 m., the room-and-pillar method becomes highly 
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uneconomical because the size of pillars required to support the roof are much larger, 
meaning that valuable coal cannot be extracted from them. Longwall systems make 
deep mining feasible. 
 
In Australia almost all backfill is placed into metalliferous mines which use stoping 
methods of ore extraction. Overseas, backfill is widely used in coal mines to minimise 
surface subsidence behind longwall mining operations. One longwall coal mine in 
Germany, Walsum Colliery, takes local municipal and industrial wastes and stowes 
them permanently. The backfilling operation results in minimal subsidence and the cost 
of filling is largely offset by the fees charged to perform the disposal service (Grice, 
1999). Extensive experience has been developed in Australia with specialised design 
and application of backfill technology to particular problems. One particular issue had 
been encountered in two American coal operations. In these examples, backfill was used 
to stabilise pre-driven roadways ahead of longwall mining.  
 
2.2.5 Block caving 
 
Block cave mining is a mass mining method that allows for the bulk mining of large, 
relatively lower grade, orebodies. This method is increasingly being proposed for a 
number of deposits worldwide, thus the scope for a better understanding of block caving 
behaviour. Because many existing large open-pit mines are also planning to extend their 
operations underground by block caving, research is undergoing to investigate the rock 
deformation mechanisms associated with the transition from surface to underground 
mining operations. In general terms block cave mining is characterized by caving and 
extraction of a massive volume of rock which potentially translates into the formation of 
a surface depression whose morphology depends on the characteristics of the mining, 
the rock mass, and the topography of the ground surface (Figure 2.5). Block cave 
mining can be used on any orebody that is sufficiently massive and fractured; a major 
challenge at the mine design stage is to predict how specific orebodies will cave 
depending on the various geometry of the undercut. 
 
Block caving has been applied to large scale extraction of various metals and minerals, 
sometimes in thick beds of ore but more usually in steep to vertical masses. Examples 
Chapter 2: Analysis of Mining and Backfill Techniques                                                                             26 
 
of block caving operations include Northparkes (Australia), Palabora (South Africa), 
Questa Mine (New Mexico), Henderson Mine (Colorado) and Freeport (Indonesia). 
Another way to understand what block caving is all about is to examine this figure: 
It shows the essential aspects of block caving: an underground tunnel leading to draw 
points where the overlying rock, broken by gravity more or less flows to the draw point, 
to be gathered and taken away for processing (David Chambers, 2008). 
Coal-mining subsidence badly destroys environment. Backfill in caving area refers to 
any mineral waste material or sand that is placed into roof fall rocks in order to 
reinforce the roof fall broken rock. Backfill is performed to resist to roof fall and reduce 
surface subsidence. The grouting backfill method of fall rocks has been used in Poland 
for many years. The method is based on longwall with caving, and surface deformation 
value decreased 30~40%. The configuration of the roof fall rocks and grouting materials 
mixture is call to backfill; The backfill will be compacted after strata cracks; so the 
compaction character is a key factor influencing coal-mining subsidence (Li et al, 
2007).  
 
2.3 Backfill technologies 
Backfilling technologies can be classified as gravity backfill, hand backfill, mechanical 
backfill, pneumatic backfill, hydraulic backfill and paste backfill. Hand backfill require 
the presence of personnel near the face for packing dirt, which is almost impossible due 
to very low quality. Gravity backfilling requires high dipping ore seams so that backfill 
material can roll into the void created by mining. Mechanical backfilling has been left 
out mainly due to its lack of effectiveness. In this method waste material is introduced 
using some kind of mechanical device like conveyor belts, slinger belt and  load-haul-
dump (LHD) into voids created by mining.  
 
2.3.1 Mechanical backfill 
Mechanical backfillng techniques were developed with the introduction of conveyors 
into underground mining operations and have been used for backfilling of the waste 
rock and for the construction of  packwalls (Bucek and others, 1980). Mechanical 
systems require less labour and permit more rapid placement of the packs compared to 
hand packing and so offer support to the roof in a shorter time. Numerous mechanical 
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methods now exist for constructing packwalls at advancing longwall faces. Backfill is 
used for underground mines, the major application being for the construction of 
roadside packs. With mechanical backfilling the waste is mechanically slung into voids 
created by mining. One of the first applications was the use of shaker conveyors, with 
scrapers, slushers and slinger-type machines being subsequently introduced. Actual 
placement of the backfill materials in the stope may be accomplished in the following 
ways: 
- Slushing; the backfill may be slushed directly from a waste raise to the stope area to be 
filled. Usually, the waste raise leading to the stope is supplied by rail car, front-end 
loader, or LHD from a waste pass or transfer raise, which is the materials source for the 
entire mining area.  
- Slinger belt placement; this system may use a high-speed belt and hopper supplied by 
truck or LHD (Fig. 2.6). The materials may also be placed by slinger belt mounted 
under a hopper. Slinger belt systems provide good compaction and relatively strong fill 
if gradation of the materials is proper. 
 
 
 
 
 
 
 
 
      Figure 2.6: Representation of a mechanical backfill (K+S, 2005) 
 
The campacking system is a versatile mechanized system of modular construction that 
can form a part of many face-end systems. The system consists of a number of 
cylindrical quadrants pivoted vertically and mounted within protection boxes so that 
they can oscillate. Other components of the system include the cam box mounting, the 
power pack, and a hydraulic circuit. During operation the rippings are fed into the first 
Chapter 2: Analysis of Mining and Backfill Techniques                                                                             28 
 
cam, called the feeder cam, and as the set of cams oscillates the waste is transferred 
from cam to cam and is ultimately placed into the pack, Cam oscillation is achieved by 
means of a hydraulic activator. Several installations at mines using the campacker 
system are outlined by the mining company.  
For example in room-and-pillar mining where mobile scoops and ram cars can be used 
away from the site of coal extraction. Bucek and others (1980) provide a conceptual 
design of a backfilling system involving mechanical transport and mechanical 
emplacement for a room-and-pillar mine. The system uses battery powered scoop cars 
for placing the waste in mined out rooms. The volume of material that can be stowed 
would depend upon the degree of compaction of waste and the extent to which the goaf 
is filled. The outline a procedure for evaluating the proportion of the mined out capacity 
that is filled by mechanical stowing. 
 
Gravity transport systems make use of gravity to move material down vertical or 
inclined chutes, boreholes or pipes. These techniques are currently used to move 
material to depths of up to 600 m, e.g. in the Doubrava Mine of Czechoslovakia 
(Zvacek, 1979). The most effective pipe diameter is reported as being 300 mm when the 
material is up to 80 mm diameter with some clay content. Gravity transport systems 
have the advantage of being able to be installed in ventilation shafts, thus easing 
congestion in roadways, etc. All methods of gravity transport generally require that the 
lowering of backfill via the vertical or declined pipe is accompanied by continuous 
unloading at the bottom via some discharge/feeder mechanism. This will avoid clogging 
of pipes or chutes (Bucek and others, 1980). It is also usual to incorporate a velocity 
damping chamber at the bottom end of the pipe, in which some of the waste is allowed 
to accumulate to form a cushion. Note that the gravity transport system is just one of a 
variety of transport modes both above and below the ground. A gravity feed transport 
mechanism has also been included in a conceptual design for mechanical backfilling 
outlined by Bucek and others (1980). For gravity stowing the most important features of 
the waste material are its free-fall characteristics which are determined by moisture 
content and size. The material should have a low moisture content, so that it is not 
sticky, and the maximum size should not exceed 300 mm in order to avoid impact 
damage to support structures. Bucek and others (1980) indicate that the waste 
preparation requirements for gravity stowing are dewatering of the fine fraction and 
blending of this with the coarse fraction. Kuhn (1979) considers that the particle size 
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should be up to 120 mm with a maximum of 20 % fines less than 1 mm, and with a 
water content of between 5 to 9 %. This is sufficient to suppress dust, but not enough to 
cause handling problems or to result in a large water content within the deposited fill. 
 
2.3.2 Pneumatic backfill 
Pneumatic backfilling is in a way transporting bulk material through a pipeline by 
applying either negative or positive pressure air stream and subsequently dumping the 
material in voids. It can also be described as harnessing of air movement to accomplish 
work. Material is feed into the system using a pipe feeder system shown in Figure 2.7 
(Crandall, 1992). Air is supplied to the pneumatic pipe feeder at 0.69 MPa and expands 
to pipeline pressure of 27.58 kPa. The material should be dry and free flowing. It must 
be noted that pump connected to the compressor used for conveying may get 
unbalanced due to wear and tear which will reduce the efficiency of the system due to 
air leakage. The pump should not be allowed to operate for a sustained period of time 
without material or substantially under loaded. Hence material should always be 
available for conveying. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: Pneumatic pipe feeder system (Burnett, 1995) 
 
 
2.3.3 Hydraulic backfill 
Hydraulic backfilling of voids involves the utilization of water as a transporting 
medium of solids (Fig. 2.8). The typical components of this system includes a mixing 
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installation for making the slurry, a slurry pump or pumps, and pipes for distributing the 
backfill material underground. The mixing installation includes a mixing tank into 
which prepared backfill is fed and mixed with water to form an evenly mixed slurry. 
Apart from mixer, slurry pumps are used for transporting the mixture. 
 
 
 
 
 
 
 
 
Figure 2.8: Hydraulic backfill (K+S, 2005) 
 
The material chosen to be used for hydraulic backfilling requires large quantities of 
cement (about 10 %). Hence before using hydraulic backfilling, the economic benefits 
derived from it should be stringently measured. Moreover, the backfill material has very 
low water content. Hence it must be flushed very quickly into the mined out area as 
soon as possible, otherwise there is a danger of the whole mixture setting in the pump 
and the pipes. Fly ash and very fine washery refuse show thixotrophic properties which 
prevent the slurry from settling down and also help is reducing friction on pipeline wall. 
The chances of setting can be further reduced if cement is mixed at the end of the 
transportation phase just before introduction into the mined out stall. The use of high 
density backfill has been successfully implemented in Grund mine in West Germany. 
Highly consistent paste like backfill material has been successfully transported over a 
distance of 6,500 ft with discharge rate of 137 fpm (Crandell, 1992). 
 
Major bottle neck of hydraulic backfilling over pneumatic backfilling is the availability 
of the transporting medium that is water. It may or may not be widely available in the 
mine and hence hydraulic backfilling cannot be applied universally. On the other hand a 
pneumatic system does not have any such bottleneck. But hydraulic backfill provides a 
much better backfill strength compared to pneumatic backfill. As a result where high 
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strength backfilling is required due to high strata pressure and/or weak pillar strength, 
hydraulic backfill will perform better compared to pneumatic backfill. Hence the choice 
of backfilling system is site specific and no general rule of thumb is available for 
selection. 
There are two types of hydraulic transportation system namely 1) open hydraulic 
system, and 2) circulating hydraulic system. The open system requires only one length 
of pipe from the slurry preparation plant to the face. For this system, mine water is 
supplied from existing dewatering system within the mine. The pumped out water is 
used to transport the slurry down to the face for final injection into the stall. A 
circulating hydraulic system on the other hand works on a closed loop where water used 
for transporting the fill material is recycled and returned to the surface to be used again. 
Hence depending upon site condition, any one of the system can be used for 
transporting backfill material. Various different types of pumps are available in the 
industry for pumping slurry. There are listed below. 
•  Plunger pump 
•  Piston pump 
•  Double piston pumps 
•  Rotary ram pump 
•  Centrifugal pumps 
•  Hydraulic exchange pumps 
 
All these pumps are capable of producing high flow rate and high heads, but only the  
hydraulic exchange pump is capable of handling high concentration slurries of the order 
of 60 % solids. 
 
Pumps of such capacity are widely available. However, another major cost center 
associated with hydraulic backfilling are the pipes. For the purpose of backfilling, 
abrasion resistant steel pipes have to be used for transporting the slurries to the panels 
and epoxy coated fiberglass slurry lines for injecting the material into the stalls. These 
are substantially more expensive than PVC pipes which can be used in case of 
pneumatic backfilling. 
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2.3.4 Paste backfill 
 
First used at the Grund Mine in Germany during the 1980’s, paste backfill is a uniform, 
low permeability, generally consisting of high solids density mixture with about 15 % 
minus 45 µm (325 mesh) fines content. Due to compaction, paste backfill’s constituent 
particles do not settle out of suspension at zero flow rates with the fine particles of the 
matrix forming an annulus around a plug of coarser particles to act as a form of 
lubrication thereby greatly reducing pipeline frictional resistance (Fig. 2.9). 
 
 
 
 
 
 
 
 
 
 
 
   Figure 2.9: Paste backfill (Potvin, 2005) 
 
Slurry backfill requires considerable transport water to flush it through the underground 
backfill distribution system and deliver the alluvial sand or tailing solids to a stope. 
Such excess transport water must be drained from the stope and hence, fine particles 
(i.e. slimes) are not desirable as they serve to reduce the overall permeability of the 
backfill. In contrast, paste backfill requires the presence of slimes to maximize solids 
content and to act as a lubricant for pipeline flow. This significantly reduces the need 
for high transport water volumes and the water that is used tends not to bleed out of the 
emplaced backfill as it is consumed by cement hydration or locked interstitially within 
the backfill mass. This greatly reduces or eliminates the need for backfill drainage and 
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hence the significance of backfill permeability. Other advantages of using paste backfill 
include: 
· A shorter mining cycle due to the earlier development of higher compressive strength. 
· Reduced binder consumption for equivalent or better slurry backfill strengths. 
· High tailings usage thereby reducing surface disposal needs. 
· A cleaner operation as slimes draining from the stope are eliminated. 
· Potential reduction in backfill dilution of adjacent ore due to increased strengths for 
similar cement contents, relative to slurry backfill. 
 
Disadvantages of paste backfill include: 
· The need for superior dewatering facilities/technology and greater technical precision. 
· The presence of increased pipeline pressures. 
· That it is a relatively new technology in which many technical aspects are not yet fully 
understood. 
 
The transportation of highly viscous substances has become common in the food 
processing and sewage industries, but the transportation of paste backfill owes more to 
the concrete industry for its technology. Concrete has a similar broad grain size 
distribution as some paste fills and the material flow regime associated with concrete 
transportation has become the most likely model for describing paste backfill. 
 
When attempting to analyze the flow behaviour of paste material in comparison with 
concrete a few distinctions must be drawn (Hassani, 2005): 
 
1. The abrasive characteristics of the paste backfill particles are likely to be far higher 
than with concrete. 
2. The majority of the fines in paste backfill are made up of tailings rather than cement; 
this results in higher cohesion and hence a higher resistance to flow. 
3. Paste backfill is often transported over greater distances. 
4. Material preparation is far more complex. 
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These factors result in higher, and larger, ranges in estimates of pressure losses. 
 
An example of a reduced mining cycle can be seen in Figure 2.10, where a hypothetical 
VRM (vertical retreat mining) stope is being backfilled first with a paste backfill and 
then, for comparison, with a slurry backfill. While the initial steps of the mining cycle, 
namely blasting and mucking, are independent of backfill type, the preparation time for 
barricade construction and plug preparation is significantly reduced for the paste 
backfill. Complete backfilling of the stope and the curing of such backfill can be 
achieved considerably faster for paste backfill due to higher solids concentrations and 
the reduced need for handling excess transport water. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10: Comparison of the mining cycle between using paste backfill and slurry 
backfill in a VRM stope (Mark et al, 1990) 
 
 
Paste backfill consistency is often described in terms of its slump character. Inherited 
from the concrete industry, slump is a measure of the subsidence, typically from 0 cm to 
30 cm, of a paste material that has been molded by a standard truncated cone using  
standard method. Figure 2.11 shows an example of the characteristic slump and solids 
content of a mine paste backfill. It should be noted that slump will vary from material to 
material and is designed ideally for comparison between the same materials using 
different mixing properties, not between different materials. 
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Figure 2.11: Relationship between slump and solids density for Golden Giant Mine 
Paste Fill (Paynter and Dodd, 1997) 
 
 
A conceptual model developed by Aref et al (1992) outlines the main aspects to be 
considered when designing a high density paste backfill system. These aspects are 
important for determining backfill material sources, transportation and placement 
requirements and should be reconciled so as to satisfy backfill quality and schedule 
requirements as shown in figure 2.12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12: Flow chart for conceptual design of paste backfill system (Aref et al, 1992) 
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Material property characterization is necessary for determining the suitability of the 
available materials in producing a desirable backfill. Paste backfill requires a certain 
proportion of fine particles described by Brackebusch (1994) as 15 %, by weight, of 
minus 20 µm (625 mesh) material and by Aref et al (1992) as 15 %, by weight, of minus 
45 µm (325 mesh) material. Due to a level of uncertainty in predicting paste flow, a full 
scale pumping loop test may be required in order to ensure accurate pressure gradient 
measurements. Practical horizontal pipeline pumping distances for paste backfill range 
up to 1 km with vertical dropping distances being unlimited (depending upon pipeline 
pressure ratings). Horizontal distances at the bottom of a vertical pipeline can range 
from one to several kilometres depending upon the height of the vertical column of 
paste (Brakebusch, 1994). Paste material preparation plants and cement mixing facilities 
have been located both on surface and underground. 
 
Underground operations are often limited in production scale due to the confining 
nature of the mine workings but have a distinct advantage of adding backfill binder ‘just 
in time’ immediately before emplacement within the stope and thereby greatly reducing 
the risk of a plugged pipeline. Underground dewatering facilities generate excess waste 
water that must be pumped to the surface; such reject water may contain up to 40 % 
solids (by weight). As such, surface plants are far more appealing in most cases for 
paste fill preparation. Concrete is typically pumped in civil engineering applications and 
many early experiments with mine paste backfill employed positive displacement 
pumps to transport the backfill to the stope. While they may be required for surface 
transportation of paste, more recent experience has demonstrated that there is sufficient 
gravity head in most mines to distribute paste fill unassisted by pumping. As with all 
backfilling technology, all technical gains associated with paste fill must be subject to 
an economic consideration and everything must be balanced so as to produce high 
quality backfill when and where it is required. 
 
2.3.5 Pumping paste 
Where the gravity head contributed by the vertical drop alone is insufficient to 
overcome the high pressure gradients within the horizontal section of the pipeline it is 
necessary to use a positive displacement pump to add additional energy to the backfill 
distribution system. As described by Hassani and Bois (1992), with the recent increased 
interest in paste backfill a few companies have emerged as experienced suppliers of 
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high pressure, high capacity positive displacement pumps. Putzmeister have developed 
their successful concrete pumps and now supply pumps for transporting high density 
backfill in Germany, the USA, South Africa and Canada. GEHO is a company from 
Holland with a long history of pump manufacture (Figure 2.13), some of which will 
transport highly viscous abrasive materials at pressures of up to 165 Bar. Schwing is 
one among many other companies who has been able to apply their experience in 
pumping large volumes of heavy sludge to solve problems associated with paste 
backfill. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13 : GEHO positive displacement pump 
 
 
The costs of positive displacement pumps are many times greater than those of 
centrifugal pumps with some pumps costing up to $250,000. As with all pumps 
maintenance is a very important factor in choosing a unit. The costs involved in repair 
and for replacement parts can be prohibitive and a warranty protecting purchases is 
recommended. 
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The material from which the pump is manufactured is dependent on the corrosiveness 
and abrasivity of the slurry material being pumped. A simple rationale for pump 
selection could include assessment of several factors, such as: 
Abrasivity: High >7 (on the original Mohr’s scale) chrome plated steel Medium, 5 - 7 
(Mohr’s) rubber lined mild steel Low, <5 (Mohr’s) unlined mild steel. 
Corrosivity: Acidity or alkalinity will require pump protection by either, stainless steel 
or chrome plating. 
 
The higher head (or pressure) required for pumping then the lower will be the capacity 
for a given pump. A high pressure positive displacement pump will require superior 
pipeline connections and overall higher quality, including more maintenance and 
supervision. Post sales service is very important when choosing a positive displacement 
pump since spare parts and repairs can be costly. Such machines are precisely 
engineered and when working in a harsh environment such engineering can be 
expensive to maintain. 
 
2.4 Financial and technical considerations 
 
Cost is the primary reason why backfilling is not carried out in some underground 
mines. Technology is readily available to place either dry, slurry or paste backfill 
underground regardless of the geometry and depth of the mineral deposit and the mining 
method utilized. Mining methods could also be modified or adapted to facilitate backfill 
placement, to eliminate some of the operational problems of underground tailings 
disposal and to reduce backfill placement costs. 
 
The improvement of existing practices, selective mining, the application of new 
processing methods and technology, the application of backfill as part of the mining 
cycle and the placement of backfill materials in favourable deep geological formations 
also represent opportunities for lessening the amount of surface tailings and their impact 
on the environment. 
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In any feasibility study, the cost of backfill placement underground must more than 
offset the cost of surface storage. Backfill placement costs include capital costs 
(modifications to mill process, storage bins and silos, pipelines and drop holes, 
conveyors, sumps, monitoring instrumentation, etc.) and operating costs (backfill 
preparation, backfill barricades and retaining bulkheads, drainage systems, pumping, 
etc.). Savings associated with the reduction in costs for any changed mining method, 
increased resource recovery or reduction in artificial support requirements must also be 
taken into consideration. 
 
Implementation of a backfill system is only justifiable if productivity and safety can be 
enhanced with backfill and if the profitability of the operation is not greatly affected. 
Transportation and geotechnical issues represent two critical factors which directly 
affect the economic and technical feasibility of backfilling technology. Backfilling will 
be justifiable only if the transportation and placement costs (capital and operating) and 
the reduced mining costs associated with higher extraction methods, such as modified 
chevron, straight ahead and shortwall, are competitive with the costs of surface storage 
and decommissioning. Also, the number of operational benefits associated with  
backfilling should be considered in any analysis of alternatives. Such benefits include 
increased safety for workers, increased ore recovery, and reduced risk of slurry inflows, 
gas outbursts and rockbursts. Some underground mines have economically justified the 
placement of tailings underground while others have found that the required capital and 
operating costs would force their operation to become less competitive. 
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Chapter 3 
Backfill Material Characteristics 
 
3.1 Importance material characteristics for Backfill 
3.1.1 Geomechanics of backfill 
In order to appreciate the mechanical response of backfill within a mining stope, it is 
crucial to first understand the physiochemical properties of its constituent materials and 
their interactions. This allows engineers to optimize backfill design for maximum 
quality (i.e. the strength required to fulfil its role safely) while minimizing mining costs. 
Whether composed of tailings, alluvial sand or a coarse rockfill, backfill can be 
considered to be a special form of soil and therefore many soil mechanical properties 
and relationships can be applied to it. It should also be noted that mechanical and cure 
properties of backfill placed underground may change remarkably depending upon the 
backfill material’s intrinsic properties, method of preparation, placement and the 
conditions of the mine environment. 
 
This study is to investigate backfill materials and techniques suited for underground 
mines (e.g. underground gypsum mine in Germany, underground potash mines in 
Thailand, underground coal mines and coal fires in China). Therefore, primary emphasis 
in this study is selection of backfill materials. Design and planning considerations and 
evaluation of materials as well as economical and environmental factors, and other 
backfilling procedures are discussed where pertinent to successful backfill operations.  
Additionally the information in these procedures is applicable to backfilling around 
large and important structures and is also applicable in varying degrees to backfilling 
operations around all underground mine voids. 
 
Selection of backfill materials should be based upon the engineering properties and 
compaction characteristics of the materials available. The results of the field exploration 
and laboratory test programs should provide adequate information for this purpose. The 
materials may come from mine waste excavation, mine tailing, or local sources. In 
selecting materials to be used, first consideration should be given to the maximum use 
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of materials from mine waste and industrial waste. If the mine waste materials are 
deficient in quality or quantity, other sources should be considered. Common backfill 
having the desired properties may be found in mine areas convenient to the site, but it 
may be necessary to obtain select backfill materials having particular gradation 
requirements, such as filter sands and gravels and pipe or residues from mineral 
processing sources. Anyway the use of commercial by-products, such as synthetic 
anhydrite, fly ash, filter dust, FGD-gypsum or slag as backfill material, may be 
advantageous where such products are locally available and where suitable natural 
materials cannot be found. The suitability of these materials will depend upon the 
desirable characteristics of the backfill and the engineering characteristics of the by-
products. 
 
The focus of this research is to optimize the analysis procedure of a new and promising 
systematic selection of backfill materials and techniques for underground mines in 
Germany, Thailand and China. Specifically, this study aims to achieve the following 
objectives: 
- Attent that the primary source of backfill materials should be local to the mine. All  
materials generated as by-products, mine waste and tailings from the mineral processing 
of the mining industry and other industries with cheaply available materials e.g. fly ash 
and FGD-gypsum from power plants, natural and synthetic anhydrite. 
- Investigate the physical, chemical and mechanical properties of different backfill 
materials and mixtures suitable for each underground mines. 
- Apply the backfill materials and technologies investigated more in depth, paste, 
hydraulic and dump backfill as well as combinations. 
- Evaluate backfill technical, long term safety, environmental and economical. 
 
The investigation included three main aspects: a physical characterization, a mechanical 
characterization and a chemical characterization. This laboratory test program was 
implemented to study the relation between the water to solid ratio and compressive 
strength of backfill mixture based on German standard methods. As a first step, the 
following tests were used to characterize the backfill material; specific gravity 
determination, particle size measurement, bulk density, water content,  differential 
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thermal analysis, permeability, porosity, microstructure. Then investigate chemical 
characterization, eluate analysis and mechanical characterization. The additional 
systematic selection of backfill, long term safety and economic evalution prove to 
analytic calculations that the proposed combination is technically feasible. 
 
3.1.1.1 Strength of materials 
In most underground mining environments the predominant ground stress condition is 
one in which compressive stresses exist and in which failure will be predominantly 
caused by such stresses through the processes of compressional shear failure. By rock 
mechanics definition, induced rock stresses are always assumed to be positive in nature 
if they are compressive. Mining stress effects are mobilized three-dimensionally and the 
condition of "principal stress" will result in the formation of three mutually 
perpendicular normal stress components, or principal stresses, as shown in Figure 3.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1:  Principal stresses acting upon a backfill cylinder and resultant stress 
conditions upon a potential shear plane surface. 
 
σ1 - major principal stress (largest compressional magnitude) 
σ2 - intermediate principal stress 
σ3 - minor principal stress (smallest compressional/largest tensional stress magnitude) 
 
 
In order that the stability of underground excavations in rock, of rock structures, or of 
backfill materials can be adequately assessed, it is important that knowledge concerning 
existing stress conditions within the rock or backfill masses be determined. For ease of 
analysis, it is common to study structures or bodies as simple two-dimensional 
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(biaxially stressed) elements. Should a plane of weakness exist within the cubic element 
which bisects the plane of stress being evaluated, but oriented other than parallel to one 
of the reference axial directions, then it becomes important to be able to determine the 
stress conditions acting on this plane. If stress components affecting the plane of 
weakness exceed the planar strength capabilities, then planar shear failure may be the 
result. 
 
3.1.1.2 Component of backfill 
Backfill generally consists of two or three component materials, these being solid 
particles mixed with water and/or air within the pores or void spaces between solid 
particles. It is important to understand the various physical properties of aggregate 
materials in order to evaluate the stability, handling, and other engineering 
characteristics of the wide range of backfill materials that are utilized by modern mines.  
Figure 3.2 shows a representative slice through a column of backfill and the physical 
relationships existing between the volumes and masses of the contained solid particles, 
liquids and gases in the backfill column. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Phase diagram of backfill (Craig, 1995) 
Where, 
Vg, Vw, Vs = volume of gas, water and solids, respectively, m3 
VV = volume of void space, m3 
Mg, Mw, Ms = mass of gas, water and solids, respectively, kg 
w = water content, % 
Gs = specific gravity of the soil particles, dimensionless 
ρw = density of water, kg/m3 
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3.1.1.3 Particle shape and friction angle 
The physical nature of solid particles, and the way they fit together, greatly influences 
the mechanical properties, and therefore strength condition, of a backfill material. 
Often, the source of the backfill material and the way in which it is processed affect the 
constituent particle's shape, size, and size distribution characteristics. 
 
Due to the effects of blasting and mill grinding processes on minerals, most rock 
backfill and tailing particles are very angular and rough-surfaced, while alluvial sands, 
which are formed through weathering by water, tend to be round and smooth-surfaced. 
Particle shape affects the size of voids and the connectivity of paths available for 
holding and transporting fluids (Herget and De Korompay, 1978), as can be seen in 
Figure 3.3, as well as aggregate friction angle and packing density characteristics of 
backfill materials, as demonstrated in Table 3.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Particle shape of distribution (Herget,1978) 
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Table 3.1: Effect of particle shape and packing density on friction angle (Sowers, 1951) 
Friction Angle (Φ) 
Shape and Grading 
Loose Packing Dense Packing 
Rounded, uniform 
  
Rounded, well graded 
  
Angular, uniform 
 
 
Angular, well graded 
  
 
 
The presence of fine particles in a soil or backfill aggregate acts to increase the strength 
of the aggregate by backfilling in voids between coarser particles and increasing 
interparticle contact (frictional) forces. An increase in fine particle content can also 
increase the pulp density of backfill, which, during transportation, can make the slurry 
less likely to settle, thus allowing for lower slurry critical velocity conditions. Paste 
backfills take advantage of the presence of fines to promote increased backfill strength 
and settlement reduction of particles during transport. Alternately, slimes elimination 
has traditionally been adopted for slurry backfill manufacturing and use in order to 
improve backfill drainage and to reduce slimes handling problems in water decant 
systems. 
 
3.1.1.4 Particle size distribution 
As can be seen in Figure 3.4, different backfill materials may consist of particles with 
considerably different size characteristics. In order to compare one backfill to another, 
backfill materials are often characterized by their particle size distribution (PSD) 
conditions. This distribution shows the range and frequency of particle sizes comprising 
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the backfill material and acts to define its material structure. Particles of different sizes 
within a backfill material are able to strongly influence porosity, permeability, backfill 
strength, and backfill transportation characteristics. Particle size distributions have 
traditionally been determined using a system of progressively finer sieves that trap 
particles of a certain size range on individual sieves. A cyclosizer, which employs 
gravity separation of particles, may be used for finer particle size ranges, as sieves 
generally become ineffective over the very fine particle size range, usually at sizes less 
than 400 mesh (38 μm). Laser-based instruments are also employed for fine- and 
medium-particle size measurements. 
 
The PSD of a backfill material is commonly plotted in terms of the cumulative weight 
percent of the backfill material passing a certain particle size versus the particle size on 
a log-normal chart. As shown in Figure 3.5, a backfill material is described as being 
well graded if its constituent PSD demonstrates a wide range of particle sizes and is 
poorly graded or uniform if it demonstrates a narrow range of particle sizes. A standard 
set of screen openings are used to measure soil-like materials of standard Tyler sieve 
sizes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Electron microscope images (from left to right: mica bearing base metal 
tailings, gold tailings, construction sand and a base metal tailings) (Herget, 1981) 
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Figure 3.5: Typical particle size distribution curves for uniformly graded (A) and well 
graded (B) aggregate materials (Herget, 1981) 
 
The maximum backfill grain size is generally limited by material transport restrictions. 
For pipeline transport of slurry backfill, for example, the maximum particle size must be 
less than approximately 1/3 the diameter of the pipe through which the slurry will be 
carried, otherwise pipeline blockage may result. In the case of conveyor transport, as is 
done for rock fill, the maximum aggregate size can be very large (usually ranging 
between 15-30 cm), though no larger than approximately 1/5 the conveyor width to 
prevent side spillage effects.  
 
3.1.1.5 Bulk density, unit weight, and specific gravity (ρ, g, Gs) 
 
Density  ρ or bulk density is the ratio of the total mass  M of the fill to its total volume 
V: 
 
 
 
3/, mkg
V
M=ρ      (3-1) 
 
 
 
B A 
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The unit weight  γ of a backfill is the ratio of its total weight  Mg  e.g. mass times the 
force of gravity to its total volume V: 
 
3/, mkN
V
M g=γ       (3-2) 
 
Specific gravity Gs is defined as the ratio of the weight of a solid or liquid to the weight 
of an equal volume of a standard material. Water has a specific gravity of unity, by 
definition, and is used as the standard material. Practice indicates that most cemented 
backfill possesses a specific gravity ranging between 2.6 to 4.0. It is generally of prime 
concern in determining backfill quantities, pulp density and critical flow velocity for 
hydraulic transport. 
 
 
w
s
ws
s
s V
MG ρ
ρ
ρ ==      (3-3) 
where, 
Ms = mass of solids, kg 
Vs = volume of solids, m3 
ρs = density of solids, kg/m3 
ρw = density of water, kg/m3 
 
3.1.1.6 Friction angle  Φ  and cohesion  C 
The following two components of soil are directly responsible for backfill strength: 
1. Frictional forces, proportional to the internal angle of friction Φ, that result from 
interlocking solid particles and which are independent of moisture content. 
2. In uncemented backfills, an apparent cohesion C results from surface tension forces 
in pore water that disappears when the backfill is fully dry or fully saturated. Portland 
cement or similar soil binders act to greatly increase actual fill cohesion by coupling the 
solid particles together. 
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Apparent cohesion results from surface tension in the water held at grain contacts within 
the backfill. Surface tension is inversely proportional to the radius of curvature of the 
free water surface at contact, and therefore for a given pair of particles increases as the 
amount of water held between them decreases. Net particle attractive force, however, 
varies with both the magnitude of surface tension (decreasing with increasing water 
content) and the area over which it acts (increasing with increasing water content). 
There exists an optimum backfill moisture content, therefore, at which apparent 
cohesion is a maximum. The importance of grain interlocking and hence the magnitude 
of the internal friction angle depends upon grain shape, overall particle size and packing 
density. 
 
The strength capabilities of cohesionless materials are mobilized solely by the frictional 
resistance that develops along internal shear plane surfaces (Figure 3.6) within the 
backfill under stress (σ1, σ3). The level of frictional resistance that can develop is 
directly proportional to the magnitude of the normal stress σn that develops 
perpendicular to such failure planes. Resisting shear stress  τ  develops along the failure 
plane, based upon the material’s coefficient of sliding friction and the normal stress 
developed across the sliding plane (Equation 3-4). The coefficient of sliding friction is 
based upon a physical parameter constant that is dependent upon the measured angle of 
failure ψ that can be determined when backfill samples are failed in compression 
(Equation 3-5). 
 
φστ tannf =       (3-4) 
 
)45(2 O−= ψφ       (3-5) 
 
where, 
τf   = frictional shear stress developed along a failure plane, kPa 
σn  = resolved stress perpendicular to the failure plane, kPa 
φ   = internal friction angle of fill material, ° 
ψ  = measured failure angle of backfill in compression, ° 
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Figure 3.6: Shear plane development within backfill under load (Thomas, 1979) 
 
3.1.1.7 Backfill failure 
 
This failure mode for backfill can be plotted as shear stress versus normal stress to 
establish a positively sloped linear Mohr failure locus (envelope) to define the 
maximum tolerable backfill normal stress (Figure 3.6). 
 
For purely cohesional materials, failure will occur along any planar orientation where 
the maximum generated shear stress exceeds the intrinsic bonding strength between 
sample grains (cohesive strength of the material). The backfill material is therefore 
assumed to behave as a frictionless material that will develop failure shear surfaces 
oriented at a constant angle of 45° to the direction of principal compressive stress σ1 
application. Typical examples of Coulomb materials are: (i) structural materials such as 
pelletized backfill components, held in loose confinement, (ii) fractured rock having 
wet, slickensideed or clay-filled apertures, and (iii) gelled backfill materials containing 
very high retained water contents. 
 
 Cc =τ        (3-6) 
where, 
 
τc = cohesive shear stress developed along a failure plane, kPa 
C =  cohesion, kPa 
 
This failure mode for backfill can be plotted as shear stress versus normal stress to 
establish a constant Coulomb failure locus (envelope) to define the maximum tolerable 
backfill normal stress (Figure 3.7). In practice, backfill exhibits strength characteristics 
Chapter 3: Backfill Material Characteristics                                                                              51 
 
that are mobilized both by cohesive and by frictional resistance effects as expressed by 
the Mohr-Coulomb relationship: 
 
 φστ tannC +=       (3-7) 
 
where, τ = total shear stress developed along a failure plane, kPa 
 
For a range of triaxial conditions applied, the Mohr-Coulomb failure criteria can be 
represented by a linear locus of points on a shear stress versus normal stress plot as 
illustrated in Figure 3.7. 
 
 
 
 
 
 
 
 
 
Figure 3.7: Mohr-Coulomb failure locus (Thomas, 1979) 
 
 
3.1.1.8 Consolidation and compaction 
 
In mining engineering, the term consolidation generally refers to a cemented or 
consolidated mass. However, in classical soil mechanics, and for this section, 
consolidation refers to the densification (i.e. closer particle packing) of a soil at a rate 
controlled by the flow of water from the soil. When a saturated soil is subjected to some 
external load, the pore water pressure will increase to resist the load and prevent particle 
rearrangement. If pore pressures dissipate very rapidly, as they do in sands, pore 
pressures may be ignored except when considering very rapid loading, such as during 
blasting. In practice, consolidation of initially loose, moist, cohesionless slurry backfills 
under low confining loads occurs very quickly with consolidation frequently being 90 
% complete within approximately three seconds following load application. Paste 
backfill, however, is much finer and its ability to dissipate pore pressures may be 
insufficient under rapid loading conditions when uncemented. Compaction is similar to 
consolidation, but is not normally controlled by the expulsion of water. A partially 
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saturated or drained backfill can undergo compaction as void space is reduced due to the 
action of external forces, such as mobile equipment moving across it. 
 
3.1.1.9 Stiffness (k) 
 
Stiffness k relates a material’s resistance to deformation, either in compression or 
tension, and is expressed in terms of load resistance per unit of deformation, as given: 
L
Pk Δ=       (3-8) 
 
where, 
ΔL = deformation induced by the applied force, m 
P = applied force, N 
 
Similarly, axial strain provides a measure of material deformability, and is expressed as 
the deformation per unit length when a stress is applied to the material. Axial strain ε 
relates a material’s resistance to deformation or compression and is expressed as the 
deformation per unit length: 
L
LΔ=ε       (3-9) 
 
 
where, 
ΔL = deformation, m 
L = unit length, m 
 
Stress and strain are intrinsically linked and can be related by the following expression: 
 
 
 Eεσ =       (3-10) 
 
 
where, 
σ = Axial compressive stress, MPa 
E = Modulus of Elasticity (Young’s Modulus), MPa 
 
Often it is desirable, from a strength perspective, to design a backfill with as high a 
stiffness or Modululs of Elasticity, as possible. As can be seen from Equation 3-9, 
deformability of a material is proportional to it’s modulus of Elasticity or Deformation. 
The modulus of a backfill is generally several orders of magnitude less than that of the 
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intact rock mass surrounding it. For example, typical values of Young’s Modulus for 
intact rock, rockfill and slurry backfill are approximately 70 GPa, 5 GPa and 0.5 GPa, 
respectively. Stiffness is important where the backfill is intended to limit ground 
convergence and/or bear some tertiary stress from adjacent pillars. The addition of a 
binder to backfill significantly increases it’s stiffness. However, it should be noted that a 
stiff material is also a brittle material. This makes stiff backfill more prone to cracking 
under blast loading and to rupturing under local rock deformation. It is recommended 
that forces, displacements and energy dissipation be considered in backfill design and 
that, in many cases, Normal Portland Cement (NPC) addition, for example, be limited to 
5 % or 20:1 (i.e. 20 parts aggregate to 1 part NPC) so that exposed fill can yield without 
rupturing (Mitchell and Smith, 1979). 
 
3.1.1.10 Permeability and percolation rate 
Permeability and percolation rate properties are additional important slurry backfill 
characteristics. Both are properties of porous media, such as backfill aggregates, which 
define the flow properties of fluids through such media. Good backfill permeability is 
required to ensure that emplaced backfill will drain adequately and that there exists little 
potential for fill liquefaction. Effective permeability is required to ensure that excess 
water, used to transport slurry into stopes from the surface, drains rapidly to allow for 
high placement and curing rates. Permeability is not considered in the design of paste 
fill materials, as there usually exists too little excess water to drain following placement 
and the majority of water contained in paste is consumed in cement or other binder 
hydration, which also restricts the potential for paste fill liquefaction. The universally 
accepted minimum percolation rate for mine slurry backfills is 10 cm/hr, which is 
suggested as a good design guideline for slurry backfill placement. Percolation rate is 
closely related to the grain size composition and the cement content of backfill 
aggregate mixtures. The rate of percolation decreases rapidly with the addition of fines 
fractions in backfill, and may be nonexistent when cement binder additions are made to 
fill and within short time intervals after placement has occurred. 
The detrimental effect of fines on percolation rate behaviour is the principal reason why 
mines have to deslime tailings material which is to be utilized for slurry backfill 
manufacture. Other factors which are known to influence the percolation rate of 
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aggregates include porosity (including particle shape), particle constituency, and 
composition of minerals.  
Permeability of a material can be defined by Darcy's Law as: 
 
2γ
η
hA
QLK =        (3-11) 
 Q = qγ        (3-12)  
where, 
K = permeability of a porous medium, m2 
Q = quantity rate of flow of fluid through a porous medium, N/s 
L = length of porous medium, in direction of flow, m 
H = static pressure differential across a porous medium, m 
A = cross-sectional area of porous medium, normal to direction of flow, m2 
η  = absolute viscosity of fluid flowing, Ns/m2 
γ  = unit weight of fluid flowing, N/m3 
This expression for permeability is valid for conditions which typically occur during 
fluid flow testing and dewatering of fill materials. 
The percolation rate of an aggregate material is defined as: 
A
qVp =        (3-13) 
where, 
VP = percolation rate, m/s 
q = quantity rate of flow, m3/s 
A = cross-sectional area of sample normal to flow direction, m2 
A characteristic material permeability, in units of m2, has no inherent physical 
significance. It is not surprising, therefore, that the percolation rate parameter, with its 
readily comprehensible units of m/s, has been adopted throughout the mining industry 
as an indicator of backfill drainage suitability. Percolation rate and permeability are in 
fact directly related, as indicated in the following equation 
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  γ
η
hA
qLk =       (3-14) 
where, 
k = permeability coefficient, m/s 
If a fixed temperature condition is assumed, the term (η / γ) remains constant and the 
equation becomes: 
hA
qLk =       (3-15) 
It should be noted that permeability coefficient units are the same as those for the 
percolation rate. Accurate measurement of permeability or percolation rate parameters 
is difficult to achieve. The main problem is an inability to establish constant flow rate 
conditions for the test. Of three methods generally available for measuring backfill 
material permeability, two (constant and falling head permeameter) are used with 
materials that exhibit very low permeability, while the third (percolation rate tube) is 
more relevant to the mining industry, where high permeability slurry backfill materials 
are commonly encountered. 
 
3.1.2 Backfill materials specification 
The backfill materials which are most commonly utilized are classified into three 
groups; inert material (which is the major part of the backfill), the binding agent and 
chemical additives. The inert materials commonly used are mill plant tailings, sand or 
gravel, waste rock and coarse slag. Binding agents, such as Portland cement, ground 
slag, or fly ash, are applied in backfill technology to improve the mechanical properties 
of the backfill, i.e. strength. Chemical additives such as flocculants, accelerators, and 
retarders are employed to improve the backfill permeability, flowability of the slurry 
and the consolidation properties of the backfill. 
 
These tailing materials can be used either as received or prepared 'full plant tailings' or 
deslimed by using hydrocyclones to meet desired percolation requirements. Their size 
compositions largely depend on ore processing and desliming technology. The fraction 
of 10 mm particles in classified tailings is usually less than 20 % of total mass by 
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weight. Sand from surface alluvial basins is widely used in mine backfill, and its 
particle size is generally less than 2 mm. Waste rock from mine development or quarries 
must be sized to meet transport requirements. The maximum size for pipeline 
transportation is less than 1/4 the diameter of the pipe; in the case of hydraulic 
transportation this means aggregate sizes less than about 60 mm whilst aggregates up to 
30 cm can be transported by truck or conveyor. 
 
3.1.2.1 Backfill binders 
Backfill binders are materials that react with water to form chemical bonds that, over 
time, glue aggregate grains together. Backfill is said to cure with time, and its strength 
tends to increase with time, until it reaches its ultimate strength. The main types of 
binders are cements and pozzolans. Cements are primarily made up of calcium (lime) 
and silica (quartz) compounds. Cements can be used solely as a backfill binder, while 
most pozzolans require the addition of lime. Pozzolans are often used in conjunction 
with cements, since lime is a natural by-product of the cement reactions. However, since 
some slags and all pozzolans must wait for lime to first be generated by the cement 
reaction, they do not contribute to overall backfill strength until after a period of weeks 
or even months. Mining methods, stope sequencing, binder availability, and cost all 
influence the decision as to which binder, if any, to select. Figure 3.8 is a ternary 
diagram representation of the three most typically abundant compounds, silica (SiO2), 
lime (CaO), and aluminate (Al2O3), which make up a binder system and show the 
relative placement of major binder groups with respect to each other. 
 
 
 
 
 
 
Figure 3.8: Ternary diagram of binders (Douglas and Malhotra, 1987) 
Most of the pozzolanic and cementitious materials investigated for use in mine backfill 
have been the same as investigated by civil engineers for admixture into cement and 
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concrete. Natural minerals (such as sulphides and volcanic ash), iron and non-ferrous 
blast furnace slags, incineration ashes (such as fly or coal ash, peat ash, industrial waste 
ash, municipal solid waste (MSW) ash) and finely pulverized waste glass have all been 
studied with respect to mine backfill. One notable exception has been the 
implementation of silica fume, a highly pozzolanic material used as a concrete 
admixture, for mine backfill consolidation. Modern pozzolans can be classified into five 
representative groups: cementitious (quenched blast furnace slag), cementitious and 
pozzolanic (high calcium fly ash), highly pozzolanic (condensed silica fume), normal 
pozzolanic (low calcium fly ash), and weakly pozzolanic (slow cooled blast furnace 
slag), (Takemoto and Uchikawa, 1980). Those materials that contain both silica and 
lime tend to be self-cementing. Most pozzolans, however, contain relatively little lime. 
Although these groups have been established based primarily upon chemical 
composition, it should be noted that the mineralogical composition, rather than the 
chemical composition, determines whether a material will be chemically reactive and if 
so, its rate of reaction. Within this Chapter, the term pozzolan and alternative binder 
will be used interchangeably and will include all slags, ashes, and glasses. 
 
3.1.2.2 Portland cement 
Portland cement is a crystalline material that consists primarily of CaO, SiO2, Al2O3, 
and Fe2O3. It contains four major phases (Alite, Belite, Aluminate, and Ferrite) that, 
upon hydration, are responsible for its strength development and for the rate of chemical 
reaction. Using the following cement chemistry notation where C = CaO, S = SiO2, A = 
Al2O3, F = Fe2O3, and H = H2O these phases are expressed as C3S, C2S, C3A, and C4AF. 
Alite, or tricalcium silicate (C3S), represents 50 % to 70 % of Portland cement (by 
mass) and is important for early strength development within the first 28 days. 
Representing 15 % to 30 % (by mass) of Portland cement, dicalcium silicate (C2S) is 
important for long term strength development, matching the Alite phase strength within 
a year. The remaining two phases each represent between 5 % and 15 % (by mass) of 
Portland cement and are alumino-based. The considerable cost of Portland cement 
realized during the energy crisis of the 1970’s, the remoteness of most mining 
operations, and the proximity of substitute materials has encouraged mining companies 
to investigate and implement the use of alternative binders. 
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3.1.2.3 Pozzolans 
 
A pozzolan is ,,a siliceous or siliceous and aluminous material which in itself possesses 
little or no cementitious value but will, in finely divided form and in the presence of 
moisture, chemically react with calcium hydroxide (lime) at ordinary temperature to 
form compounds possessing cementitious properties,,. (ASTM, 1986).  
 
Blast furnace and non-ferrous slags 
 
Blast furnace (BF) slag is a by-product that results from the fusion of fluxing limestone 
with coke ash and siliceous and aluminious residues remaining after the separation of 
the metal from ore. Typical BF slag makes up to 20 % (by mass) of the metal 
production. Blast furnace slag tends to be quite consistent in physical and chemical 
composition which assists in assuring reproducible product quality. Figure 3.9 is a 
schematic of an iron and steel blast furnace showing the stages involved in the 
production of the primary metals and slag by-products. As a result of selective cooling, 
four distinct blast furnace slag ‘products’ exist, these being: air-cooled, foamed, 
granulated, and pelletized which are described below based on Hooton (1987). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: Schematic of Ferrous Blast Furnace (Emery, 1992) 
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Coal ash 
 
Coal ash is a waste product derived from the combustion of coal in thermal power 
generation plants. As shown in Figure 3.10, coal ash consists of fine particles known as 
fly ash that flow with flue gases and coarser particles, called bottom ash, which collect 
at the bottom of the boiler. Combusted coal results in approximately 10 % (by mass) 
coal ash, of which 85 % is fly ash and the remainder bottom ash. Bottom ash is 
considerably coarser than fly ash, ranging in particle size from about 20 mm to 200 
mesh. Due primarily to its large particle size, bottom ash is weakly reactive as a binder 
and is typically used as an aggregate. Most fly ash is naturally fine and grinding is 
rarely required to activate the material. 
 
 
 
 
 
 
 
 
 
Figure 3.10: Coal ashes produced by thermal power plants (Emery, 1992) 
 
There are two types of fly ash: Class-C, which has a high lime content, is 
selfcementitious and is produced when sub-bituminous or lignite coals are burned; and 
Class-F, which must be activated through the addition of lime and which is produced by 
burning bituminous coal. Typically, up to 60 % of NPC can be substituted by Class-C 
fly ash (Archibald et al, 1995). As fly ash typically contains toxic metals and other 
hazardous compounds, and may be radioactive, it is not suitable for non-cemented fill, 
especially near water sources. 
 
Silica fume 
 
There is no known application or study of silica fume as an alternative binder for use in 
mining backfill. However, it has had considerable use in civil engineering practice as an 
alternative binder for concrete and is included for completeness. Condensed silica fume 
consists of ultrafine, approximately 0.1 mm diameter, spherical particles of nearly pure 
silica. It is a by-product of silicon metal or ferrosilicon alloy manufacturing plants. Cost 
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and limited supply have most likely prevented investigations into using this alternative 
binder for mining backfill use. 
 
Natural minerals 
 
Natural minerals, especially those that constitute mine backfill, have been examined as 
possible consolidating agents incorporating a wide range of cementitious mechanisms. 
Typically, these enjoy only local success and are not readily transferable methods for 
the industry as a whole as they are dictated by regional geological circumstances. The 
cementation of hydraulic backfill with naturally occurring minerals has been 
investigated and focused primarily on the use of clays as a backfill additive material. 
Calcined dolomitic tailings have been observed to harden naturally, but two different 
mines with similar dolomitic tails experienced completely different results. Pyrrhotite, a 
pyrophoric mineral, has demonstrated considerable reactivity through oxidation, and has 
been used as a binder and backfill additive in tailings by several mines. It yields an 
exothermic reaction that requires oxygen and water (Falconbridge, 1990) and therefore 
the consolidated fill mass requires positive drainage and subsequent air circulation via 
perforated piping. 
3.1.2.4 Mixture proportions 
In practice, the mix proportions vary, depending on the properties of the individual 
ingredients and on the desired properties of the backfill. The properties of the 
ingredients of the mix are discussed below. First of all, these materials are generally 
cheaper than Portland cement. Secondly, these materials hydrate or react chemically 
somewhat later than Portland cement. Different mixture proportions are summarized in 
table 3.2. 
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Table 3.2: Details of backfill mix proportions 
Mix ID 
Synthetic 
anhydrite 
Natural 
anhydrite 
Fly 
ash 
Filter 
dust Cement 
FGD 
gypsum Tailing 
SA X - - - - - - 
SA+FA X - X - - - - 
NA - X - - - - - 
NA+FA - X X - - - - 
C - - - - X - - 
C+FA - - X - X - - 
C+FD+FA - - X X X - - 
FGD-G+FA - - X - - X - 
C+T+FA - - X - X - X 
 
• SA- Synthetic anhydrite 
• NA- Natural anhydrite 
• C- Cement 
• FA- Fly ash 
• FD- Filter dust 
• FGD-G- Flue gas desulfurization (FGD) gypsum 
• T- Tailing from poash mine 
 
3.2 Instrumentation of determination 
3.2.1 Setting time of backfill 
 
The initial and the final setting times were measured by the penetration-resistance 
procedure, as per the German Standard Method DIN EN 196-3. They are defined as the 
periods, after the initial contact of binder and water, required for the mortar sieved from 
the backfill mix to reach a penetration resistance of 3.5 MPa and 27.6 MPa, 
respectively. During the study water and solid ratios (w/s) 0.6, 0.55, 0.5, 0.45, 0.4, 0.35. 
0.3, 0.25, 0.2 and  0.15 were chosen for various mixtures by Vicat test (Fig. 3.11). 
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Figure 3.11: Vicat test setting time of backfill 
 
 
3.2.2 Simultaneous Thermal Analysis (STA) of backfill materials 
 
Simultaneous thermal analysis refers to the simultaneous application of two or more 
thermoanalytical methods on one sample at the same time. Using simultaneous thermal 
analysis one has the chance to get information on the transformation energetics and the 
mass change on one sample in one run under identical conditions. Using the STA the 
comparability of characteristic temperatures measured on the TG and DSC runs is 
ensured. In case of inhomogeneous sample materials, problems resulting from 
differences in the sample composition for the TG and DSC measurements are excluded. 
The STA 409 PC Luxx at Institut für Keramik, Glas und Baustofftechnik combines the 
advantages of a highly sensitive toploading thermobalance and a high-temperature 
differential scanning calorimeter (Fig. 3.12). The maximum sample mass as well as the 
measurement range of the balance are 18 g. The entire measurement range can be 
analyzed with a resolution of 2 g (up to 0.00001 %).  
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Figure 3.12: STA 409 PC Luxx     
 
 
3.2.3 Permeability measurement 
 
Permeability measurements were made by using the steady-state flow method, which 
consists of imposing a known pore-pressure difference across the specimen and 
measuring the resultant flow rate, which is proportional to permeability. Pore-fluid 
pressures on both sides of the specimen were controlled by using high-precision, 
servocontrolled volumometers. Typically the equipment consists of two pressure 
chamber and the core holder for samples with 5 cm diameter and 5 cm length.  
Confining pressure up to several 100 bars can be applied (Fig. 3.13). 
 
 
 
 
 
Figure 3.13: Laboratory measurement of permeability 
 
The equilibration process with the 2 converging pressures at inlet and outlet is 
monitored digitally. Based on the pressure development a numerical model is used to 
determine permeability and porosity of the sample. A Finite-Difference model is 
therefore coupled with an automatic parameter identification method. The graph in 
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figure 3.14 as shown the measured and the simulated pressure development of a 
concrete plug filled with gas. 
 
 
 
 
 
 
 
 
Figure 3.14: Permeability measurement 
3.2.4 Specimen preparation and mechanical strength test 
The mixing was conducted using a mortar mixer which produces a good homogenized 
mixture. The latter was blended for about 10 min and then poured into plastic cylinders 
with a diameter of 50 mm and a height of 100 mm (Fig. 3.15).  After pouring the 
mixtures into the cylinders, these were sealed and cured in a humidity chamber and 
control temperature maintained for periods of 3, 7, 28 and 90 days. The resulting 
specimens were then tested by uniaxial compression tests to investigate compressive 
strength, flexural strength and tensile strength. A total of specimens were subjected to 
uniaxial compression tests using a mechanical press (ZD 100) having a normal loading 
capacity maximum of 1,000 kN (Fig. 3.16). The triaxial compression test is used to 
measure the shear strength, cohesion and angle friction of a backfill under controlled 
drainage conditions. In the conventional triaxial test, a cylindrical specimen of backfill 
encased in a rubber membrane is placed in a triaxial compression chamber, subjected to 
a confining fluid pressure, and then loaded axially to failure. Connections at the ends of 
the specimen permit controlled drainage of pore water from the specimen. 
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Figure 3.15: Size of specimen 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16: Mechanical press (ZD 100) 
 
 
 
3.2.5 Ultrasonic test 
 
Computer-based ultrasonic wave velocity measuring device, an ultrasonic-universal 
testing system (Fig. 3.17), was applied for testing the dynamic elastic parameters of 
specimens. All of specimens were subjected to ultrasonic test. Through the ultrasonic 
wave and its velocity, the mechanical properties of the specimens in the age of  3, 7 and 
28 days, such as the dynamic elastic modulus (E), shear modulus (G) and poisson's ratio 
can be calculated. 
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Figure 3.17: Computer-based ultrasonic wave velocity measuring device 
 
3.2.6 Chemical characterization 
The chemical, eluate and mineralogical analyses were completed on the solid and the 
interstitial solution of backfill samples. Chemical analyses were performed by induced 
coupled plasma spectroscopy and mineralogical characterization was analysed by the 
Rietveld Method at the Institute of Mineralogy. The eluate test using standard methods 
with AAS and/or ICP equipment. 
 
3.3 Result for backfill materials investigation 
3.3.1 Selection of materials 
The primary source of backfill materials will be local to the mine. Backfill materials 
used for this study were obtained from by-products, mine waste and tailings from the 
mineral processing of the mining industry and other industries in Germany, Thailand 
and China. There consisted of: 
 
3.3.1.1 Synthetic anhydrite 
Calcium sulphate, generated in the manufacture of hydrogen fluoride, is known as 
synthetic anhydrite or fluoroanhydrite (Fig. 3.18- 3.19) and this material is sent to 
landfill. Over the past 10 years a variety of applications have been developed utilising 
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synthetic anhydrite as an essential component. These include the manufacture of aerated 
concrete building blocks, monolithic cements and floor screeds. 
 
 
 
 
 
 
 
 
 
 
 
Figure3.18: Function diagram – Production of hydrogen fluoride (HF) and hydrofluoric 
acid (H2SO4) 
 
 
 
 
 
 
 
 
 
         (a)            (b) 
    
 
Figure 3.19: Synthetic anhydrite from Germany (a) and Thailand (b) 
 
 
3.3.1.2 Natural anhydrite 
Anhydrite is a relatively common sedimentary mineral that forms massive rock layers. 
Anhydrite does not form directly, but is the result of the dewatering of the rock forming 
mineral Gypsum (CaSO4-2H2O). This loss of water produces a reduction in volume of 
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the rock layer and can cause the formation of caverns as the rock shrinks. There was 
from Obrigheim and Ellrich (Fig. 3.20).    
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.20:  Natural anhydrite from Germany 
 
3.3.1.3 Fly ash 
Fly ash is the finely divided mineral residue by-product resulting from the combustion 
of powdered coal in electric generating plants. Fly ash material is solidified while 
suspended in the exhaust gases and is collected by electrostatic precipitators or filter 
bags. Since the particles solidify while suspended in the exhaust gases, fly ash particles 
are generally like fine-grained gray powder and range in size from 0.5 µm to 100 µm. 
They consist mostly of silicon dioxide (SiO2), aluminum oxide (Al2O3) and iron oxide 
(Fe2O3), and are hence a suitable source of aluminum and silicon for geopolymers. They 
are also pozzolanic in nature and react with calcium hydroxide and alkali to form 
cementitious compounds. The fly ash used in the study was obtained from Germany, 
China and Thailand (Fig. 3.21). 
 
 
 
 
 
 
 
 
 
 
           (a)     (b)        (c) 
 
Figure 3.21: Fly ash from Germany (a), Thailand (b) and China (c) 
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3.3.1.4 Filter dust was from a cement plant (Fig. 3.22) 
Filter dust is a byproduct of cement manufacture and is routinely given or sold to 
farmers as a soil treatment, or is discarded into pits or is piled on the ground near 
cement kilns. Some cement plant is disposed filter dust of each year and  it buried on-
site. 
 
 
 
 
 
 
 
 
 
    Figure 3.22: Filter dust from Germany 
 
3.3.1.5 Cement 
Cement is a binder, a substance which sets and hardens independently, and can bind 
other materials together (Fig. 3.23). 
 
 
 
 
 
 
        (a)        (b)         (c) 
 
Figure 3.23: Cement from Germany (a), Thailand (b) and China (c) 
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3.3.1.6 Flue gas desulfurization (FGD) gypsum 
FGD- gypsum is also known as scrubber gypsum. FGD- gypsum is the by-product of an 
air pollution control system that removes sulfur from the flue gas in calcium-based 
scrubbing systems (Fig. 3.24). It is produced by employing forced oxidation in the 
scrubber and is composed mostly of calcium sulfate. FGD-gypsum is most commonly 
used for agricultural purposes and for wallboard production. The FGD- gypsum are 
produced annually as a by-product material in the lignite-fired Mae Moh Power Plant in 
Thailand, obtaining fuel from its two opencast mines. 
 
  
 
 
 
 
 
 
 
 
Figure 3.24: FGD- gypsum from Thailand 
 
3.3.1.7 Tailings from potash mine in Thailand 
Waste rocks removed to access the potash deposit are generally piled up next to the 
surface. Mineral processing pilot plant of potash ores involves flotation of the crushed 
salt which results in the concentration of the salt minerals and rejection of the gangue 
phases. The major waste products of potash processing include brines and tailings. 
Tailings were from potash mine in Thailand (Fig. 3.25). 
 
 
  
 
 
 
 
Figure 3.25: Tailing from potash mine Thailand 
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3.3.1.8 Salinity water 
The salinity water used to study the influence on the mechanical properties of backfill.  
Analysis of the composition of the water indicated that it had a Total Dissolved Solids 
(TDS) of 18,000 mg/l. concentration of salt in water 115-120 g/l 
 
3.3.2 Results of materials characteristics 
3.3.2.1 Physical characteristics 
 The density of the materials was first determined by measuring the physical dimensions 
of the material. That is the weight, and actual volume which the mass occupied was 
determined. The mass of a given volume (500 mL) of the sample of sediments was 
found on a grams scale. Density was found as the mass per unit volume the sediments 
occupied. The water content, specific gravity, mean particle size distribution were 
determined in using the German standard method procedure that is shown in Table 3.2. 
As can be seen in Figure 3.26, different backfill materials may be comprised of 
considerably different particle sizes. Particles of different sizes within the backfill 
material have effects on porosity, permeability, compressive strength and backfill 
transportation characteristics. The backfill materials were determined by sieve and 
HELOS particle size analysis with laser diffraction.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.26: Backfill particle size distribution  
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Table 3.3: Physical characteristics of backfill materials 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Samples Bulk density 
(g/cm3) 
Specific gravity 
(g/cm3) 
Water content 
(%) 
d50 
Synthetic anhydrite 
(G) 
1.45 2.89 1.7 0.28 mm 
Synthetic anhydrite 
(T) 
1.46 2.9 2.5 0.34 mm 
Natural anhydrite 
 (Ellrich) 
1.48 2.91 2.4 0.75 mm 
Natural anhydrite 
 (Obrigheim) 
1.52 2.93 2.1 1.08 mm 
Cement (G) 1.58 3.15 0.6 12.4 µm 
Cement (T) 1.52 3.11 0.8 10.4 µm 
Cement (C) 1.51 3.04 1.4 19.5 µm 
Fly ash (G) 1.08 2.15 0.9 18.5 µm 
Fly ash (T) 1.1 2.24 1.4 9.8 µm 
Fly ash (C) 1.2 2.05 2.2 11.5  
Filter dust (G) 1.1 2.21 1.7 8.5 µm 
FGD-Gypsum (T) 1.24 2.44 4.5 65 µm 
Tailing (T) 1.33 2.62 3.2 0.12 mm 
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3.3.2.2 Optimal ratio of backfill 
During the study water and solid ratios of backfill mixtures of 0.6, 0.55, 0.5, 0.45, 0.4, 
0.35, 0.3, 0.25, 0.2 and 0.15 were chosen for various mixtures of backfill. Water was 
added to set the resulting backfill. The lowest suitable water solid ratio of synthetic 
anhydrite and natural anhydrite were 0.18 because below 0.18 the mixture could not be 
mixed in a satisfactory way (Fig. 3.27 - 3.28). The lowest suitable water solid ratio  
mixture of cement mixed fly ash, mixture of cement mixed fly ash and filter dust, 
mixture of FGD-gypsum and fly ash, mixture of tailings and cement were 0.4. The 
initial setting time of all samples increases with a decrease in water content and is below 
1-2  hours for investigated conditions. The slump is used to determine the consistency 
of backfill mixtures as shown in figure 3.29 and table 3.4. 
  
 
 
 
 
 
 
 
 
 
Figure 3.27: Initial setting time of backfill materials 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.28: Setting time of dust filter by Vicat test 
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Figure 3.29: Slump test 
 
 
 
Table 3.4:  Time of setting with vicat test and slump test of backfill materials (5 % 
cement at w/s 0.45) 
 
Samples Initial setting time 
(min) 
Final setting time 
(min) 
Slump 
(cm) 
100 % C (G) 50 100 10 
C+FA (G) 95 120 15 
C+FA+FD (G) 106 143 16 
100% C (T) 55 90 11 
C+FA (T) 100 150 15 
100% C (C) 65 107 11 
C+FA (C) 112 161 17 
100% FGD-G (T) 104 173 15 
10 % FGD-G + 90 %FA (T) 97 164 16 
T+ C (T) 120 190 17 
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3.3.2.3 Scanning electron microscope investigations  
The JEOL JSM 6400 scanning electron microscope (SEM) was used to characterize the 
microstructure and texture of the backfill samples after 28 days curing (Fig. 3.30-3.36). 
The SEM micrographs show tabular prismatic crystals of synthetic anhydrite, natural 
anhydrite and filter dust. The characteristic of fly ash was the abundance of spherical fly 
ash  particles. The FGD-gypsum is irregular in shape and mostly composed of dihydrate 
gypsum (CaSO4 .2H2O). Tailings from potash mines principally consist of tabular 
prismatic crystals. The SEM of cement hydration and the reactants of pozzolanic 
reaction, which has a laminar morphology. The mixture of backfill materials and salt 
water shows salt crystals because the water evaporates and the salt crystallizes.  The 
presence of salt in sufficient concentrations can affect the strength development of 
backfill. Figure 3.34 show a scanning electron microscope image illustrating the 
significant presence of salt in the cured samples. During the curing process, a large 
amount of the salt crystallises. The growth of such crysalts may inhibit the strength gain 
of paste backfill by reducing the dispersion of cement. 
 
 
 
 
 
 
 
 
 
 
 
    
Figure 3.30: SEM image showing synthetic anhydrite 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.31: SEM image showing fly ash from Germany 
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Figure 3.32: SEM image showing filter dust 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.33: SEM image showing FGD-Gypsum 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.34: SEM image showing mixture of synthetic anhydrite, fly ash and salt 
solution 
25 µm 
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Figure 3.35: SEM image showing mixture of natural anhydrite, fly ash and salt solution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.36: SEM image showing mixture of tailing, fly ash and salt solution 
 
3.3.2.4 Simultaneous Thermal Analysis (STA) 
Place 6.343 g of P1 and  6.700 g of  P2 on the sample pan (Fig. 3.37) and Al2O3 on the 
reference pan of the Netzsch STA 409 PC heat flux differential scanning calorimeter. 
The pans are made from alumina and the analysis is carried out under an N2 inert 
atmosphere. In a typical extended range experiment the heating rate is 10 °C /min over 
the range 50 - 1,000 °C, taking about 2 hours. Thermal analysis results for backfill 
materials are shown in figure 3.38-3.39. The Thermal gravimetric (TA) and Differential 
Scanning Calorimetry (DSC) plot showed continuous weight loss up to 800 °C. 
However, above this temperature, no significant  loss was observed up to 1,000 °C. 
Taking into account the DTA data plotted as an arbitrary unit, a first weight loss of 
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about 26.58 % (P1) and 32.28 % (P2) was found below 150 °C, which is attributable to 
the removal of physisorbed water from the interparticle and/or intraparticle spaces. A 
second weight loss of 12.53 % (P1)  and  4.46 % (P2) occurred between 580 and 
800 °C, resulting from the moisture loss. The endothermic peak at about 107.3 and 
781.8 °C of P1 indicated the moisture loss. Also the endothermic peak  and exothermic 
peak at about 110.5 °C and 587.9 °C of P2  indicated the moisture loss. A total weight 
loss of about 39.32 % of P1 was reached by 800–1,000 °C and 36.85 %  of P2 was 
reached by 600–1,000 °C. 
  
 
 
 
 
 
 
 
 
Figure 3.37: P1 and P2 samples 
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Figure 3.38: Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC) 
curves of  mixture of cement, fly ash and filter dust 
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Figure 3.39: Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC) 
curves of  mixture of cement and fly ash 
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3.3.2.5 Permeability measurement 
The overall permeability and porosity of backfill mixtures depends partly on the 
combination properties of backfill material, and partly on the possible existence of fine 
powder particles. The permeability of backfill mixtures increases when fly ash  
decreases as shown in table 3.5. 
 
Table 3.5: Permeability measurement 
Samples K0  (m²) Porosity (%) 
SA (G) 3.4 E-13 40 
SA+FA (G) 1.5 E-15 25 
NA (G) 1.7 E-10 47 
NA+FA (G) 5.6 E-14 28 
C (G) 2.1 E-18 23 
C+FA(G) 1.7 E-18 8 
C+FA+FD (G) 5.6 E-18 8 
C+FA (C) 4.5 E-15 14 
C+FA (T) 6.7 E-16 16 
FGD-G (T) 2.7 E-13 24 
FGD-G+FA (T) 6.4 E-16 13 
T+C (T) 3.6 E-12 19 
T+FA+C (T) 5.6 E -15 10 
SA (T) 7.2 E -12 35 
SA + FA (T) 5.3 E-15 21 
 
 
3.3.2.6 Mineralogical characterization 
The mineralogy of backfill materials includes a number of other characteristics, such as 
water retention, strength, settling characteristics and abrasive action. Different backfill 
types with different mineral assemblages can result in different backfill properties. The 
mineralogy can also affect the final strength of backfill by influencing chemical 
reactions that promote strength or produce additional chemical reactions. The 
mineralogical characterization was analysed by the Rietveld Method and shown in 
Table 3.6. 
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Table 3.6: Mineralogical characterization of backfill materials 
Samples SA 
 (G) 
NA 
 (EL)
NA  
(OB) 
SA 
 (T) 
FA  
(G) 
FA 
(T) 
FA 
(C) 
FGD-G 
(T) 
Quartz (%) - - - - 10 12 - 1 
Anhydrite (%) 89 95 90 90 - - 95 4 
Magnetite (%) - - - - 2 1 - 1 
Mullite (%) - - - - 21 20 - - 
Gypsum (%) 8 4 10 6 - - 4 92 
Fluorite (%) 3 - - 4 - - - 2 
Magnesite (%) - 1 - - - - 1 - 
Amorphous (%) - - - - 67 61 - - 
 
3.3.2.7 Uniaxial compressive strength (UCS) tests and 
evolution of the dynamic elastic parameters 
For the study, the backfill mixtures were poured into plastic cylinders with a diameter of 
50 mm and a height of 100 mm (Fig. 3.40). After pouring the mixtures into the 
cylinders, then sealed and cured in a humidity chamber maintained for periods of 3, 7, 
28 and 90 days. The resulting backfill specimens were then tested by uniaxial 
compression tests, split tensile strength test and flexural strength test. All of the backfill 
specimens  were subjected to uniaxial compression tests using the mechanical press (ZD 
100) having a normal loading capacity maximum of 1,000 kN.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Before test     After test 
 
Figure 3.40: Compression test of mixture of cement (20 %) and filter dust (80 %) after 7 
days (w/s = 0.4) 
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The results are shown in figure 3.41 the compressive strength of the backfill specimens 
(mixture of synthetic anhydrite and fly ash) continued to increase with increasing curing 
time. It was found the maximum compressive strength of synthetic anhydrite from 
Germany was 15.4 MPa mixed with fly ash 16 % by weight, the maximum compressive 
strength of synthetic anhydrite from Thailand was 14.9 MPa mixed with fly ash 19 % 
by weight. The tests of dynamic elastic parameters (E-modulus, G-modulus and 
Poisson’s ratio) were performed on two specimens from six specimens and the mean 
values of the two readings were calculated. The dynamic elastic parameters E-modulus 
and G-modulus show that for the specimens, it was found the maximum  E and G -
modulus of synthetic anhydrite from Germany was 2.2 GPa mixed with fly ash 11 % by 
weight and 0.85 GPa mixed with fly ash 10 % by weight respectively. The E and G -
modulus of synthetic anhydrite from Thailand was 2.1 GPa mixed with fly ash 12 % by 
weight and 0.7 GPa mixed with fly ash 10 % by weight respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 Figure 3.41: Compressive strength of synthetic anhydrite 
    
 
The results are shown in figure 3.42. The compressive strength of the backfill 
specimens (mixture of natural anhydrite and fly ash) continued to increase with 
increasing curing time. It was found the maximum compressive strength of natural 
anhydrite from Obrigheim (particle size less than 4 mm) was 13.4 MPa mixed with fly 
ash 18 % by weight, the maximum compressive strength of natural anhydrite from 
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Obrigheim (particle size less than 8 mm) was 11 MPa mixed with fly ash 19 % by 
weight, the maximum compressive strength of natural anhydrite from Ellrich (particle 
size less than 4 mm) was 11.6 MPa mixed with fly ash 19 % by weight. The tests of 
dynamic elastic parameters (E-modulus, G-modulus and Poisson’s ratio) were 
performed on two specimens from six specimens and the mean values of the two 
readings were calculated. The dynamic elastic parameters E-modulus and G-modulus 
show that for the specimens, it was found the maximum  E and G -modulus of natural 
anhydrite from Ellrich was 0.96 GPa mixed with fly ash 18 % by weight and 0.5 Gpa 
mixed with fly ash 20 % by weight respectively. The E and G -modulus of natural 
anhydrite from Obrigheim (particle size less than 4 mm) was 0.95 GPa mixed with fly 
ash 13 % by weight and 0.5 Gpa mixed with fly ash 18 % by weight respectively. The E 
and G -modulus of natural anhydrite from  Obrigheim (particle size less than 8 mm) was 
0.9 GPa mixed with fly ash 15 % by weight and 0.46 Gpa mixed with fly ash 17 % by 
weight respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.42: Compressive strength of natural anhydrite 
    
    
 
Figure 3.43 shows the compressive strength of the mixtures of FGD-gypsum and fly ash 
specimens continued to increase with increasing curing time. It was found the maximum 
compressive strength of FGD-gypsum was 14.8 MPa mixed with 18 % fly ash mixing a 
w/s ratio 0.45, the maximum compressive strength was 14.2 MPa mixed with 12 % fly 
ash mixing a w/s ratio 0.4, the maximum compressive strength was 12.6 MPa mixed 
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with 11 % fly ash mixing a w/s ratio 0.5. The tests of dynamic elastic parameters (E-
modulus, G-modulus and Poisson’s ratio) were performed on two specimens from six 
specimens and the mean values of the two readings were calculated. The dynamic 
elastic parameters E-modulus and G-modulus show that for the specimens, it was found 
the maximum  E and G -modulus of mixture of FGD-Gypsum and fly ash (w/s 0.4) was 
4.2 GPa mixed with fly ash 20 % by weight and 2 Gpa mixed with fly ash 20 % by 
weight respectively. The E and G -modulus of w/s 0.45 was 5.4 GPa mixed with fly ash 
12 % by weight and 2.7 GPa mixed with fly ash 13 % by weight respectively. The E 
and G -modulus of w/s 0.5 was 4.6 GPa mixed with fly ash 12 % by weight and 2.5 Gpa 
mixed with fly ash 13 % by weight respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.43: Compressive strength of FGD-gypsum (T) 
    
 
 
 
Table 3.7 shows the compressive strength of the mixture of cement and water  
specimens continued to increase with increasing curing time. It was found the maximum 
compressive strength of cement mixing a w/s ratio 0.4 from Germany, Thailand and 
China were 41.75 MPa , 38.25 MPa and 31.83 respectively. 
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Table 3.7: Compressive strength of cement 
 
w/s  
Mix 
ID 7 days 28 days 90 days 
ratio   
UCS 
(MPa) 
E 
(kN/mm2) 
G 
(kN/mm2)
Poisson's 
ratio 
UCS 
(MPa) 
E 
(kN/mm2)
G 
(kN/mm2) 
Poisson's 
ratio 
UCS 
(MPa) 
0.4 CG 23.51 12.64 5.36 0.245 41.75 23.32 9.15 0.276 43.5 
  CC 15.47 9.81 4.14 0.213 31.83 18.62 6.42 0.241 32.7 
  CT 20.22 10.52 5.11 0.234 38.25 20.24 8.74 0.253 40.1 
0.45 CG 20.42 11.71 5.19 0.241 36.88 23.41 9.17 0.277 38.5 
  CC 14.85 9.23 3.95 0.208 33.67 17.43 6.24 0.234 35.2 
  CT 18.75 11.24 4.86 0.227 35.64 22.53 8.53 0.247 37.7 
0.5 CG 18.73 10.55 5.21 0.234 33.42 23.12 9.11 0.265 35.1 
  CC 12.57 8.46 3.27 0.202 29.25 16.28 6.07 0.228 31.1 
  CT 17.22 9.25 5.22 0.217 32.45 22.71 8.15 0.237 34 
 
 
 
 
 
 
Figures 3.44 - 3.49 show the compressive strength and dynamic elastic parameters (E-
modulus, G-modulus and Poisson’s ratio) of the mixtures of cement and fly ash 
specimens continued to increase with increasing curing time and decrease with 
increasing fly ash replacement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.44: Compressive strength of cement and fly ash (G) mixtures 
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Figure 3.45: E and G modulus of cement and fly ash (G) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.46: Compressive strength of cement and fly ash (C) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.47: E and G modulus of cement and fly ash (C) 
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Figure 3.48: Compressive strength of cement and fly ash (T) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.49: E and G modulus of cement and fly ash (T) 
 
 
 
Figure 3.50 – 3.51 show the compressive strength and dynamic elastic parameters (E-
modulus, G-modulus and Poisson’s ratio) of the mixtures of cement and filter dust 
specimens continued to increase with increasing curing time and decrease with 
increasing filter dust replacement. 
 
 
 
Chapter 3: Backfill Material Characteristics                                                                              89 
 
0
2
4
6
8
10
12
75 80 85 90 95 100
Filter dust ratio (% )
C
om
pr
es
siv
e 
st
re
ng
th
 (M
Pa
)
0,4 (28 day)
0,45 (28 day)
0,5 (28 day)
0,4 (90 day)
0,45 (90 day)
0,5 (90 day)
0
1
2
3
4
5
6
7
75 80 85 90 95 100
Fi l te r du st ratio (%)
E,
 G
 m
od
ul
us
 (G
Pa
) 0,4 E 28 day
0,4 G 28 day
0,45 E 28 day
0,45 G 28 day
0,5 E 28 day
0,5 G 28 day
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.50: Compressive strength of cement and filter dust (G) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.51: E and G modulus of cement and filter dust (G) 
 
The compressive strength and dynamic elastic parameters (E-modulus, G-modulus and 
Poisson’s ratio) of the mixtures of cement, fly ash and filter dust specimens continued to 
increase with increasing curing time and decrease with increasing filter dust 
replacement. The dynamic elastic parameters E-modulus and G-modulus show that for 
the specimens with higher w/s ratio (0.5), the evolution of E-modulus and G-modulus in 
the mixture is much faster than in the specimens with a lower w/s ratio (0.4) with curing 
time 7 and 28 days. The effects of mixtures with different w/s ratios and curing time for 
Poisson’s ratio shows that for the specimens with higher w/s ratio (0.5), the evolution of 
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Poisson’s ratio in the mixture is much faster than in the specimens with a lower w/s 
ratio (0.4) with curing time 7 and 28 days. 
 
The compressive strength and dynamic elastic parameters (E-modulus, G-modulus and 
Poisson’s ratio) of the mixtures of cement, fly ash and tailings specimens continued to 
increase with increasing curing time and decrease with increasing tailings replacement. 
The dynamic elastic parameters E-modulus and G-modulus show that for the specimens 
with higher w/s ratio (0.5), the evolution of E-modulus and G-modulus in the mixture is 
much faster than in the specimens with a lower w/s ratio (0.4) with curing time 7 and 28 
days. The effects of mixtures with different w/s ratios and curing time for Poisson’s 
ratio show that for the specimens with higher w/s ratio (0.5), the evolution of Poisson’s 
ratio in the mixture is much faster than in the specimens with a lower w/s ratio (0.4) 
with curing time 7 and 28 days. 
 
3.3.2.8 Effects of water salinity on backfill properties 
 
Tap water and saline water were used to make the backfill specimens (synthetic 
anhydrite, natural anhydrite, cement and fly ash) in order to make a comparison 
between the mechanical properties of tap water based  backfill and saline water based  
backfill. A comparison between the compressive strength of backfill samples made with 
different water types is presented in figures 3.52 - 3.53. The results show that a 
significant negative impact was imposed on backfill strength development by using 
saline mine water.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.52: Influence of water quality on backfill (anhydrite) properties 
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Figure 3.53: Influence of water quality on backfill (cement and fly ash) properties 
                
 
 
 
3.3.2.9 Triaxial compression test of backfill specimens 
 
Triaxial compression testing can be used to assess the failure criterion of the backfill at 
different confining pressures and moisture contents. Shear strength parameters can be 
used in the estimation of both active and passive lateral support that the backfill 
provides to remnant mine pillars. Drainage during the compression test can be 
controlled to simulate conditions which exist in actual mining applications. It is 
expected that the backfill will be placed in a loose state, and that there will be a large 
amount of grain displacement as the backfill is compacted by failing mine roof and 
pillars. After a slip movement has occurred in the backfill, the slip surface forms a 
permanent plane of weakness. The shear strength that can be mobilized along this plane 
corresponds to the residual shear strength of the material, which may be significantly 
lower than the peak strength. In this situation, an appropriate triaxial compression test 
would be one which measures residual shear strength parameters. This can be 
accomplished by 'failing' the sample, increasing the confining pressure, and then 
bringing the sample to failure again. The test can also be used to determine changes in 
the modulus of deformation of the backfill. Table 3.8 shows the triaxial compression 
test of the mixture of backfill specimens that lowest coat available (synthetic anhydrite, 
natural anhydrite, cement, filter dust, tailings, FGD-gypsum and fly ash). 
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Table 3.8 Triaxial test of backfill materials 
 
 
Specimens Triaxial compressive strength test 
 C (MPa) Friction angle (o) 
SA (G) 0.63 42 
SA+F (G) 0.91 47 
NA (G) 0.24 35 
NA+FA (G) 0.47 38 
SA (T) 0.57 40 
SA+FA (T) 0.88 44 
C+FA (G) 0.72 39 
C+FA (C) 0.37 36 
C+FA (T) 0.64 38 
C+FA+FD (G) 0.83 42 
FGD-G (T) 0.64 40 
FGD-G+FA (T) 0.72 41 
C+T  (T) 0.41 37 
 
 
 
 
3.3.3 Chemical composition 
3.3.3.1 Chemical composition 
All chemical analyses of backfill materials and mixing water (Table 3.9 - 3.11) were 
done using an ICP AES spectrometer which is an emission spectrophotometric 
technique, exploiting the fact that excited electrons emit energy at a given wavelength 
as return to ground state. The fundamental characteristic of this process is that each 
element emits energy at specific wavelengths peculiar to its chemical character. 
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Table 3.10:  Trace elements in mixing water  
 
 
Element Element Unit Value 
Zinc Zn μg/l 34.3 
Bromine Br μg/l 35 
Strontium Sr μg/l 113 
Arsenic As μg/l 1.4 
Barium Ba μg/l 39.6 
Cadmium Cd μg/l 0.4 
Aluminium Al μg/l 214.7 
Manganese Mn μg/l 11.5 
Iron Fe μg/l 105 
Copper Cu μg/l 4.4 
Nickel Ni μg/l 1.0 
Uranium U μg/l 4.5 
Lead Pb μg/l 0.6 
Rubidium Rb μg/l 3.4 
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Table 3.11:  pH and conductivity of backfill materials 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Samples pH Conductivity 
(µS/cm) 
Synthetic anhydrite (G) 11.56 2,940 
Synthetic anhydrite (T) 10.87 2,760 
Natural anhydrite  (Ellrich) 9.74 1,780 
Natural anhydrite (Obrigheim) 9.65 1,740 
Cement (G) 12.1 14,760 
Cement (T) 12.5 12,470 
Cement (C) 12.6 11,800 
Fly ash (G) 12.3 4,440 
Fly ash (T) 11.6 2,540 
Fly ash (C) 10.2 1,160 
Filter dust (G) 8.99 5,700 
FGD-Gypsum (T) 10.5 2,130 
Tailing (T) 8.7 1,580 
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3.3.3.2 Elute analysis 
 
Mine wastes or industrial wastes may only be utilised to produce backfill materials 
and/or for direct use as backfill materials for long-term safety. The limit values for 
solids and backfill correlation values as listed in Table 3.12-3.13 was necessary to 
control arsenic in fly ash and mercury in fiter dust. The use of the backfill materials 
does not lead to harmful pollution of the groundwater or surface water or any other 
negative impact on the quality of water bodies. In this context the limit values in eluates 
as listed in Appendix C may not be exceeded in the stowage materials. 
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Chapter 4 
Discussion of the Results 
 
Backfill materials were sampled from different sources and local materials in each 
country. Each sample was taken from randomly selected points on the surface. To 
achieve as representative a sample as possible, a large amount of material was collected 
from many locations in each country and then mixed to obtain a representative sample.  
 
Various investigation can be performed to help assess the potential performance of 
mining industrial waste and industrial waste as a backfill material. The systematic 
selection of backfill materials can be determined with materials available, mining 
methods and backfill technologies. Certain engineering properties can be measured with 
the uniaxial and triaxial compression tests. Chapter 3 provides a summary of the desired 
properties based on both placement and engineering performance considerations. 
 
4.1 Effect of different parameters on backfill  behavior 
4.1.1 Grain size analysis 
Assuming that there was not significant segregation of the different grain sizes during 
and following backfilling, one can analyse particle sizes to help predict, in a qualitative 
way, how a backfill composed of a given material may be expected to behave with 
respect to strength, settlement and permeability. A backfill which contains well graded 
particles should offer more resistance to displacement and settlement than one with 
uniformly graded particles, all other factors being equal. It has been shown that the 
amount of water flow through mine waste can be empirically related to its gradation and 
void ratio. Permeability decreases with a decrease in the effective size of the material, 
which is the 10 % passing size according to the grain size distribution. Therefore, one 
would expect backfill materials with a high percentage of minus 75 µm material to have 
a low permeability. A size analysis is also required to determine the suitability of a 
material for a particular backfill system, and whether or not crushing and screening of 
the material is needed. An indication of the gradation of the materials can be computed 
from a grain size distribution curve for grain sizes larger than the 75 µm sieve using the 
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coefficient of uniformity (Cu) and coefficient of curvature (Cc). Both values can be 
calculated provided that not more than 10 % of the grain sizes are less than 75 µm. 
 
4.1.2 Age of specimens 
 
Chapter 3 shows the effect of the age of the specimens on mechanical behavior of 
backfill. In general, for the tests with the same confining pressures, the peak or 
maximum value of stress ratio (or axial stress) increases with an increase of the age of 
the specimens. This phenomenon is more evident in low confining pressures. The 
elastic modulus of mixture of backfill specimens increases with an increase of the age of 
the specimens. It also shows that when the age of the specimens increases, the elastic 
modulus augmentation is almost equal for different confining pressures. 
 
The evolution of triaxial strength effective parameters with the age of the specimens are 
shown in Table 3.8. It can be clearly seen that when the age of the specimens increases, 
cohesion parameter increases and the internal friction angle slightly increases. 
Therefore, it can be concluded that the increase of the compressive strength of backfill 
due to the completion of the cement hydration and the strengthening of the bonds 
between cement paste and backfill materials is reflected on the triaxial strength 
parameters by increasing the cohesion parameter, although the internal friction is 
slightly increases. The same trend of evolution of the triaxial strength parameters of 
specimens as a function of its compressive strength was noted. The rate of augmentation 
of the cohesion and increase of the internal friction is smaller for the mixed low cement, 
which its water to cement ratio is greater than other specimens. 
 
 
4.1.3 Binder factor and water to binder ratio 
 
 
The effect of binder factor on uniaxial strength parameters of backfill is shown in 
chapter 3. It shows that increasing the binder factor increases the cohesion parameter 
and slightly increase the internal friction angle of the material. This effect does not have 
the same intensity for the different mixes. As for normal concrete, the compressive 
strength depends on the binder factor as well as the water to binder ratio. Increasing the 
binder factor or decreasing water to binder ratio, the compressive strength increases. 
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The results in chapter 3 shows clearly this effect of water to binder ratio evolution on 
the compressive strength for the backfill specimens. Generally, obtained results show 
that an increase of binder factor leads to an increase of compression strength,  triaxial 
strength and elastic modulus. 
 
4.1.4 Fly ash and filter dust content 
Effect of the fly ash content on the mechanical behavior of backfill ss shown in chapter 
3 shows the evolution of the compressive strength of the specimens, that the difference 
between them is only their fly ash contents. It shows that when the fly ash content is 
mixed with anhydrite or FGD-gypsum the compressive strength of the backfill 
specimens increase and this is more important when the age of the specimens increases. 
As explained before, this is due to the higher fly ash content more than the bonding 
between the binder and fly ash. In chapter 3 shows that the elastic modulus was also 
affected by the fly ash content. Evolution of the elastic modulus of the mentioned 
specimens show that when the fly ash content mixed with anhydrite or FGD-gypsum of 
the specimens increases the elastic modulus increases and the difference between the 
elastic modulus of the different specimens is more important when the age of the 
specimens increases.  
 
When the fly ash and filter dust content increases mixed with cement the compressive 
strength of the backfill specimens decrease and this is more important when the age of 
the specimens increases. As explained before, this is due to the higher fly ash content 
that more than the bonding between the backfill materials and cement paste. In chapter 
3 shows that the elastic modulus was also affected by the fly ash and filter dust content. 
Evolution of the elastic modulus of the mentioned specimens show that when the fly ash 
and filter dust content mixed with cement of the specimens increases the elastic 
modulus increases and the difference between the elastic modulus of the different 
specimens is more important when the age of the specimens increases.  
 
4.1.5 Fly ash and filter dust content on permeability 
The effect of fly ash and filter dust content on permeability is shown in table 3.5. It 
shows that increasing fly ash and filter dust content results in decreases in the 
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permeability of the specimens. Generally the results of this study show that increasing 
the fly ash and filter dust content initially reduces the permeability but after adding 
more fly ash and filter dust content because of increasing the water required in the 
mixture to maintain backfill workability, the dry density decreases and the permeability 
increases. The increased water tends to counterbalance the increased fly ash and filter 
dust.  
  
4.1.6 Backfill technology 
In this study, paste backfill was suited to be utilized in underground mines because this 
backfill was mixed of fine solid particles, binder and water, containing between 72 % 
and 85 % solids by weight. The paste backfill provides ground support to the pillars and 
walls, but also helps prevent caving and roof falls, and enhances pillar recovery, which 
enhances productivity. Thus, the backfill placement provides an extremely flexible 
system for coping with changes in geometry of the orebody, that result in changing 
stope width, dip, and length. The method of the backfill delivery depends upon the 
amount of energy required to deliver the backfill material underground which depends 
on its distribution cone. The backfill is usually transported underground through 
reticulated pipelines. Analysis of the backfill stability must consider the geometric 
boundaries of the backfill for the best economic use of paste backfill. Mine openings and 
exposed backfill faces in large underground mines vary in shape from high and narrow to 
low and wide. Additionally, wall rock next to the backfill may be either steeply dipping or 
relatively flat-lying. The stoping sequence can be modified to reduce the number of 
backfilled stopes, or the stope geometries could be revised to reduce the strength required of 
backfill exposures. Once the required strength has been determined, the mix variables 
can be optimized to provide the desired mix, which achieves the target strength with the 
lowest cement usage. The mix variables under consideration include the binder content 
and type, mill tailings grain size distribution and mineralogy, solids concentration, and 
the mixing-water chemistry. For the design of a certain uniaxial compressive strength, 
these variables can be adjusted to produce an optimal mix design. 
 
4.1.7 Costs 
In general, higher backfill strengths are achieved by adding more binder, so costs are 
higher. However, any required strength can usually be achieved using a number of 
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different mixes, so testing is necessary to identify the optimum mix from the available 
materials. The relative prices of portland cement and pozzolans, the cost-effectiveness 
of chemical additives and the potential savings from disposal of tailings or waste rock 
as backfill must all be incorporated into the determination of operating costs. Capital 
costs also vary widely for different backfill types and from site to site, depending on the 
availability and quality of the potential backfill materials and their proximity to the 
mine. 
 
4.1.8 Eluate and metals concentration in backfill 
The public in every country has expressed concern about the pollution of backfill 
materials from mining industries and other industries. A great amount of the heavy 
metal  such as arsenic, chromium, mercury, copper, lead and zinc are persistent in the 
aquatic system, with high toxicity to the flora and fauna. Due to their inherent 
hazardous nature, the indiscriminate release of materials from these industries to the 
environment has in the past adversely affected the normal well-being of life and 
continue to be a permanent  danger to the hydrologic cycle and our food chain. Prior to 
disposal and backfill, such wastes demand some stabilization or immobilization, but 
high treatment cost often limits viable options for safe disposal. 
 
For this study synthetic anhydrite and fly ash, there were potential environmental 
concerns for some eluation (As and Cr) and metals. Total metals concentration in FGD- 
gypsum appears lower than in fly ash. So far, cement or binder solidification is one of 
the most cost effective and widely used techniques to treat heavy metal. Solidification 
of heavy metals in cementitious matrices can transform the waste into the form of the 
insoluble hydroxides or may sometime be absorbed in the cement matrix reducing the 
water leachability. Cement paste is highly alkaline with high adsorption capacity for 
metals. 
 
A wide variety of pozzolanic materials such as amorphous form of fly ash, hydrated 
lime and silicafume can be applied to improve the stability of cement-waste material. 
Active pozzolanic materials present in the amorphous form of  fly ash by-products 
generate from pulverized coal power plants can chemically react with calcium 
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hydroxide as cement hydration product. Thus calcium silicate hydrate emulsion 
possessing can lead to good cementitious properties improving the heavy metal binder. 
 
4.1.9 Thermal analysis 
In Figure 3.38-3.39. the Thermal gravimetric (TA) and Differential Scanning 
Calorimetry (DSC) plot showed continuous weight loss up to 800 °C. However, the 
results of the temperature, no significant  loss was observed up to 1,000 °C. Taking into 
account the DTA data plotted as an arbitrary unit, a first weight loss of about 26.58 % 
(P1) and 32.28 % (P2) was found below 150 °C, which is attributable to the removal of 
physisorbed water from the interparticle and/or intraparticle spaces. A second weight 
loss of 12.53 % (P1) and  4.46 % (P2) occurred between 580 and 800 °C, resulting from 
the moisture loss.  
 
4.1.10 Benefits of backfill containing fly ash  
Fly ash replaced some of the more expensive cement in the backfill mixture, thereby 
reducing the cost per cubic metre. When used with cement, fly ash improves flowability 
and increases compressive strength. It improves flowability because the spherical 
particles act like ball bearings. This allows the backfill to move more freely and the 
small particle size promotes better backfilling of voids. The cementitious properties of 
fly ash increase compressive strength. Contract specifications for backfilling projects in 
potash mine in Thailand presently require that the unconfined compressive strength of 
backfill be at least 5 MPa at 28 days. Use of fly ash also reduces shrinkage and slows 
set-up time, an important factor if backfill pumping must be interrupted for a few hours. 
Another important reason for using fly ash is recycling: every ton of fly ash used 
beneficially is one not disposed in a landfill. 
 
Fly ash can potentially pose environmental and health risks. It contains trace amounts of 
several toxic elements including arsenic, chromium, copper, lead and zinc. These 
elements could contaminate soil, water and underground water. Portland cement also 
contains these elements and they can occur naturally in soil and water. If used 
responsibly, fly ash is a safe product and can be used safely with very limited chances 
of polluting soils, water and underground water. After backfill containing fly ash 
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hardens it is fairly inert. In this study it was found that backfill mixes using fly ash often 
leached lower concentrations of trace minerals than cement-only backfill. This study 
also indicated that, depending on the source of fly ash, leachate from hardened backfill 
could meet safe drinking water standards for heavy metal concentrations. 
 
Fly ash will continue to be produced as long as coal-fired electricity is generated. Coal 
is an abundant and relatively cheap resource. Although concerns about fly ash use and 
disposal are valid, some environmental groups have sensationalized these concerns of 
fly ash as a hazardous waste. This could severely limit fly ash recycling and its 
beneficial uses and result in higher energy costs. The use of fly ash as a backfill 
component has resulted in improved performance and significant cost savings in 
pressurized backfilling projects in each country. This study indicates that sources differ 
markedly in chemistry and performance of their fly ash. These differences result from 
properties of the coal itself and the method of coal processing and combustion. A 
responsible user should thoroughly test fly ash from each potential source to ensure that 
it is appropriate for its intended use. 
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Chapter 5 
Application of New Method 
 
5.1 Application of Backfill in underground potash mines in 
Thailand 
Thailand is developing two major potash underground mines in the northeastern 
province: one in the Khorat sub-basin at Bam Net Narong Chaiyaphum province (the 
ASEAN project) and the other one is the Somboon mine at Udon Thani province, the 
APPC-Asian Pacific Potash Corporation Project (Fig. 5.1). Both projects will use room 
and pillar as mining method because this needs relatively low investment and it can 
provide good control of subsidence. The ASEAN project is constructed of a decline 
access into the potash deposit and plans to produce up to one million metric tons of K2O 
equivalent product per year, whereas the APPC project is waiting for government 
decision and plan to produce two million tons of K2O equivalent product per year 
(Masniyom, 2007).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Locations of  ASEAN and APPC Potash mine project in Sakon Nakhon 
Basin  and Khorat basin in the northeast of Thailand  
 
* APPC Project 
* ASEAN Project 
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5.1.1 Mining method of ASEAN potash project 
Room and Pillar Mining is used for this project because it is appropriate for a thickness 
of carnallite seam of 10-15 m (Fig. 5.2). Mining equipment will be mainly used to 
excavate into the ore body in order to keep the top and bottom of the tunnel smooth and 
unscathed.  Then, orthogonal tunnels will be excavated 20 m apart. By connecting 
parallel tunnels, the pillars and rooms are generated. The dimentions of the pillars are 20 
by 20 m and rooms are 15 m wide for the total length of 400 m. 
 
The ASEAN Potash Mining Project awarded a $15 million contract to Trafalgar House 
Construction Mining of the United Kingdom to take over and restart construction of a 
decline access into the Bamnet Narong potash mine in the Bamnet Narong District of 
Chaiyaphum. The mine will be a room and pillar layout. Construction work was stopped 
in 1993 when the original contractor hit a brine aquifer that caused flooding in the area. 
Trafalgar House Construction Mining demonstrated that the company could safely 
penetrate the aquifer on an incline shaft to the depth of 180 m. The 180 m deep shaft 
would connect between the potash processing plant on the surface and the underground 
deposits. Construction work was scheduled to begin in March 1996 and was expected to 
be completed in 2003 for frist mainlevel. Currently this project is waiting for an investor 
to  construct processing plant. 
 
 
 
 
 
 
 
 
 
Figure 5.2: Underground mine layout of the ASEAN project (Bamnet Narong Mine) 
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5.1.2 Mining method of APPC potash project 
The Udon Thani Potash Mine will be a conventional underground mine using the room 
and pillar method of mining to recover sylvinite ore from the variable depths of 300 to 
380 m (Fig. 5.3). The room and pillar mining method as designed for the Udon South 
potash deposit is the only method applicable for mining the relatively thin, flat to 
undulating ore beds that characterize the deposit. A minimum amount of development 
work is required to prepare flat-lying bedded ore deposits for room and pillar mining. 
Roadways or panel entries are established for ore transport, ventilation and 
communication within the production panels. Excavation of the panel entries are 
combined with ore production. Mined out rooms can then serve as transport or perhaps 
air intake or out take routes. 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Underground mine layout of the APPC project (Udonthani Potash Mine) 
 
 
5.1.3 Application of backfill in potash mine 
Tailings, the waste of potash processing, is predominantly NaCl as salt. The tailings 
produced during the processing of potash ore will be pumped from the concentrator to 
store above the ground in a HDPE-lined containment area designed in accordance with 
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international best practice prior to disposal. Backfilling of tailings generated during the 
processing of potash ore is proposed to begin in the sixth year of operation when 
sufficient underground storage room for backfilling placement is already made available 
during the first 5 years of operation. Tailings stored in the surface tailings pile will 
reach the maximum amount of approximately 10 million tonnes in the ninth year, after 
which tailings will be transported underground for backfilling. It is designed such that 
after 22 years of operation, no tailings will remain on the surface.  
According to by-product of the Electricity Generating Authority of Thailand (EGAT) 
statistics, 3 Million tons of fly ash, 0.7 Million tons of bottom ash and 1.5 Million tons 
of FGD-Gypsum have been produced in 2006. There is 200,000 tons of synthetic 
anhydrite by product from the chemical industry in 2006. For this study, the backfill 
system selected must be capable of potash backfilling mined voids at a rate that will not 
interrupt the mining schedule. All of the backfill materials being used to backfill as part 
of a stabilization in underground potash mines depend on cost of transportation. This 
will have the added benefit of minimizing subsidence, enhances the stability of the mine 
and environmental considerations. 
 
5.2 Application of Backfill in coalfield fires and underground 
coal mines in China 
 
Coal fires are known from different coalfields worldwide. China, India, USA, Australia, 
Indonesia and South Africa are the main countries affected by coal fires. Normally, the 
mineworkers and the people living in the surrounding area are affected by large 
amounts of aerosols and toxic gases, like carbon monoxide or sulphur oxides. But also 
greenhouse relevant gasses are being released in large amounts and affect the 
environment. Additional hazards include land-subsidence, contamination of drinking 
water and damage of flora and fauna around the fires. Protecting the economically 
valuable coal resources and the environment is of great relevance on a national and 
international level (Li Jing et al, 2005). 
 
Enormous resources of coal are present in China. Coal is one of the most important 
contributors to the development of the national economy. China is the largest exporter 
of coal in the world.  However, many coal mines in China are seriously endangered by 
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coal fire. These fires occur within a region that stretches over 5,000 km east to west and 
750 km north to south (Fig. 5.4). About 100-200 million tons of coal is being lost 
because of coal fires each year. The main regions in China effected by coalfield fires 
are: Xinjiang, Gansu, Qinghai, Ningxia, Shaanxi, Shanxi, Wuda Inner Mongolia, 
Sichuan, Chongqing and Fujian.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Localization of coal fires in China (Jing, 2005) 
 
 
 
The Wuda Inner Mongolia coalfield is located NE of the Helan Mountain range in a 
desert-like environment with elevations ranging between 1,100 and 1,300 m msl (Fig. 
5.4). The coal layers of the Wuda coalfield belong to the Upper Carboniferous and 
Lower Permian Taiyuan and Shanxi Formation. The coal bearing strata was deposited in 
marine near coastal swamps. 24 coal seams with a thickness of 0.2 m to 6m are exposed 
in a 10 km long and 4 km wide N-S striking syncline. The coal quality is in the range of 
medium volatile bituminous coal. The surface of the Wuda coalfield is strongly mined 
and mainly covered by sandstone's or loose sand. Coal fires affect an area of 280,000 
m2. Most coal fires occur underground and can be related to small-scale mining 
operations. These fires is thermally intensive and cause numerous sinkholes, large-scale 
subsidence, air pollution, global warming, loss of mining productivity and increasing 
safety risk. Currently there are 3 underground coal mines in Wuda (Huang Baici, Su 
Haitu and Wu Hushan). 
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Figure 5.5: Localization of coal fires in Wuda Inner Mongolia 
 
 
The Wuda has been selected as a possible test area for paste backfill. The traditional 
methods, executed by fire fighting teams, by covering the coalfire areas with soil, 
blasting burning coal outcrops and injecting water in the subsurface fire pockets are 
continuously improved and extended. Initiatives to introduce modern techniques, such 
as backfill placement at fracture and borehole (Fig. 5.7-5.8), to cool down the burning 
coal and cut off the air supply.  
 
The boreholes of 12 m. deep and 98 mm. in diameter were drilled from the surface at 
coal fires zone and then measured the temperature inside (Fig. 5.6). Borehole 
coordinates were measured by a GPS positioning devices the coordinates of which 
are shown in table 5.1. The results of temperature measurements in borehole shown 
in table 5.2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: The borehole site 
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Table 5.1: Borehole coordinates 
 
 
Borehole Latitude Longitude Elevation 
(m) 
BH-1 39° 31’ 19’’ 106° 37’ 50’’ 1,234 
 
 
Table 5.2: Results of temperature measurements in borehole 
 
Depth 
(m) 
Temperature (° C) before 
paste backfill placement  
Temperature (° C) after  
paste backfill placement 
0 
2 
4 
6 
8 
10 
95 
110.8 
136.3 
143.6 
139.1 
99.1 
70.4 
89.8 
110.2 
130.4 
121.6 
90.5 
 
 
 
Source of backfill materials were from local mine and power plant. The mixtures of 
backfill are mixed at the mixing area to be used to fight the coal fire. The paste backfill 
was placed to underground openings through fracture and boreholes and distributed 
around the source of the coal fire (Fig. 5.7-5.8 ). The basic behavior of coal fires 
depends on the transport and supply of oxygen in the subsurface and therefore mainly 
on the permeability, thermal conductivity and specific heat capacity of the material. 
Because of this, systematic experiments, carried out in the laboratory on backfill 
samples, yield the functional dependency of these parameters on the salt content of the 
material. The experiments have shown that if backfill mixture of cement, fly ash and 
water or mixture of cement, fly ash and salt water are placed into high temperature 
zones of burning coal or even used for rewetting an oxygen isolating sand cover, water 
will evaporate and the salt will crystallize. Besides the cooling effect, the pores of the 
permeable rock will be partially closed by salt crystals (Fig. 3.34). The resulting lower 
permeability will prevent further oxygen transport. Besides that, the salt significantly 
increases the thermal conductivity in the mostly fractured rock/coal and heat flow is 
enhanced. The results clearly demonstrate the advantage of salt water over freshwater 
injections for fire fighting. 
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        Figure 5.7: Paste backfill placement in fracture 
 
 
 
 
 
 
 
 
Figure 5.8: Paste backfill placement in borehole 
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6.1 Conclusions 
Backfill is an increasingly important component of underground mining operations. As 
mines get deeper, the need for improved ground control and maximised resource 
recovery is essential to their safe and economic operation. The new method has a wide 
range of backfill materials used in systematic selection of backfill, including 
development mullock, total mill tailings, mine wastes, binders such as portland cement, 
gypsum and pozzolans (e.g. power station fly ash or FGD-gypsum) and chemical 
additives. Water is required for transport of hydraulic materials, hydration of binders 
and for dust control in dry systems. The total management of waste materials at the 
mine site needs to be engineered into the design of the mine. Increasingly, 
environmental considerations are showing that improved waste management procedures 
have benefits to the mining operations. Regulators are increasingly requiring the prior 
planning of final site restoration as part of the initial mine plan. The choice of a system 
often depends on the cost and availability of the necessary constituents at the particular 
site. The selection of a backfill system involves a cost/benefit analysis of those systems 
that meet the basic technical and operational requirements. Some systems can usually be 
eliminated because the materials required are not available locally, or because they are 
not applicable to the particular mining methods being considered. In some instances, 
environmental considerations may significantly narrow the range of options. There are 
usually several systems and/or variations that are capable of satisfying the operational 
and geotechnical requirements for safe and efficient extraction of the orebody. These 
are then short listed by considering specific local conditions such as projected mine life, 
production rate, treatment plant location, availability of waste rock, aspect ratio and any 
other constraints. Those systems that remain are then subjected to a detailed comparison 
in which technical, operational, environmental and economic aspects are assessed and 
ranked. The testwork may be required to confirm the suitability of available materials 
for a particular system. In summary, the systematic selection of backfill materials from 
by-products, mine wastes and tailings from the mineral processing of mining industry 
and other industries was suited as a backfill material for underground mines.  
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6.2 Recommendations for further research 
 
6.2.1 Chemical effect in backfill 
Backfill derived from tailings, mine industry and other industries that have been 
processed contain toxic chemicals. It may pose a pollution potential as a result of 
leaching. However, this can be rectified by disposal below the water table, where the 
backfill will eventually become saturated. Permanent saturation of the refuse reduces or 
eliminates the oxidation that might produce acid mine drainage. On the other hand, 
saturated backfill may not have the desired strength and stiffness for ground control 
requirements, so incorporating cementing admixtures into the mine waste may be a 
more appropriate solution to the pollution problem. 
 
6.2.2 Backfill transportation 
 
For backfill transportation design is required to ensure a full line which reduces hammer 
and wear, in turn reducing the risk of plugging the line. For surface disposal, the 
transportation issues are more straightforward, normally related to finding a pump that 
can provide the necessary driving force with the required availability to operate 24 
hours a day. Positive displacement pumps can provide the necessary pressure and 
capacity. The pressure gradient for pipeline transportation of paste backfill is much 
higher than the gradient for dilute slurries. Much more pumping energy is therefore 
required to deliver the backfill from the mineral processing plant to the tailings deposit. 
As discussed above, additives have the potential to reduce friction losses. Experience 
gained to date has been inconclusive but this may be because commercially available 
plasticisers were developed for concrete pumping and act on the cement fines. For paste 
backfill, cement content is minimal and for the surface disposal of backfill, there is 
unlikely to be any cement. 
 
6.2.3 Environmental effect of acid generating tailings 
 
Of all potential advantages, associated with disposal of mine waste, acid-generating 
tailings and by product from industry in backfill form, the environmental effects are 
amongst the most promising. As regulatory and societal demands on the mining 
industry continue to increase, use of backfill technology may provide an avenue for 
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minimizing or even eliminating various environmental issues. The environmental 
effects of disposal of acid generating tailings in backfill form are several. First, very 
little free water is available for generation of a leachate, thereby reducing potential 
impacts on receiving waters and biological receptors. In addition, the permeability of a 
poorly-sorted, run-of-mill backfill is significantly lower than that of classified, well-
sorted tailings. This limits infiltration of rainfall and snowmelt, which also results in a 
reduction of the seepage volume. When placed underground, the backfill may represent 
a hydraulic barrier to groundwater flow, thereby limiting interaction between backfill 
and groundwater. Second, the higher degree of saturation within the backfill retards the 
ingress of oxygen, which reduces the potential for generation of acid mine drainage 
(AMD). Third, the backfill production technology allows for production of an 
engineered material by modifying the backfill geochemistry in such a manner that 
environmental benefits result. Fourth, co-disposal of other waste materials with backfill 
is made feasible by the backfill production technology. In particular, encapsulation of 
acid generating tailings in appropriately-designed backfill may provide significant 
benefits in terms of environmental control and waste management.  
 
6.2.4 Other backfill materials in underground mines 
 
The implementation of backfill technology in underground mining operations must take 
into account the physical and chemical stability of the backfill mixture sent 
underground, which may vary with time. There are great advantages associated with the 
correct and successful use of other materials from mining industry or commercial 
industry in backfill operations. In recent years, mining has been hit hard economically 
by environmental regulations and concerns. It is the common belief that finding 
solutions for environmental problems associated with mine waste disposal is highly cost 
intensive. In addition, backfill technology holds promise in altering the public 
perception of mining wastes and the mining industry in general. Comprehensive 
geochemical characterization of backfill is crucial to evaluation of paste designs and 
disposal alternatives. Especially, the use of large-scale field cells is proving to be of 
great value in determining and predicting the long-term environmental stability of paste. 
When choosing a particular waste material for a backfilling system, one should examine 
the material's long term mechanical properties and expected behaviour following 
placement. This will allow an assessment of the backfill's ability to act as a ground 
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support material. Important properties for the in situ backfill are strength, deformability, 
ability to dissipate pore pressure, primary and secondary consolidation characteristics, 
and slake durability. An analysis of these properties will help to determine if the design 
objectives of the backfill will be met. 
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Appendix B 
Scanning electron microscope investigations 
 
 
 
 
 
 
 
 
 
 
 
 
    
Figure B.1: SEM image showing synthetic anhydrite 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.2: SEM image showing natural anhydrite from Ellrich 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.3: SEM image showing natural anhydrite from Obrigheim 
Appendix B: Scanning electron microscope investigations                      158                      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.4: SEM image showing fly ash from Germany 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.5: SEM image showing fly ash from China 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.6: SEM image showing fly ash from Thailand 
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Figure B.7: SEM image showing filter dust 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.8: SEM image showing FGD-Gypsum 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.9: SEM image showing mixture of synthetic anhydrite and fly ash 
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Figure B.10: SEM image showing mixture of synthetic anhydrite, fly ash and salt 
solution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.11: SEM image showing mixture of natural anhydrite and fly ash 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.12: SEM image showing mixture of natural anhydrite, fly ash and salt solution 
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Figure B.13: SEM image showing mixture of cement(G)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.14: SEM image showing mixture of cement(G) and fly ash 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.15: SEM image showing mixture of cement (G), fly ash and salt solution 
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Figure B.16: SEM image showing mixture of cement (C) and fly ash (C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.17: SEM image showing mixture of cement (C), fly ash (C) and salt solution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.18: SEM image showing mixture of cement and filter dust 
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Figure B.19: SEM image showing mixture of cement,filter dust and  fly ash 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.20: SEM image showing mixture of cement,filter dust, fly ash  and salt 
solution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.21: SEM image showing mixture of FGD-Gypsum and  fly ash 
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Figure B.22: SEM image showing mixture of FGD-Gypsum, fly ash and salt solution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.23: SEM image showing mixture of tailing, fly ash and salt solution 
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Appendix C 
German standard of underground waste stowage 
 
 
   Table C.1: Limit value concentrations for metals in wastes 
 
Elements Concentration (g/kg) 
Zinc (Zn) >= 100 
Lead (Pb) >= 100 
Copper (Cu) >= 10 
Tin (Sn) >= 15 
Chromium (Cr) >= 150 
Nickel (Ni) >= 25 
Iron (Fe) >= 500 
 
   Table C.2: Limit value for solids  
 
Elements/compound Concentration (mg/kg dry in mass) 
Mineral hydrogen carbon 1,000 
BTEX (Aromatic compound) 5 
LHKW (Highly volatile halogenated 
hydrocarbons) 
5 
PAHs (Polychnuclear 
aromatichydrocarbons)  
20 
PCB (Polychlorinated biphenyls) 1 
Arsenic (As) 150 
Lead (Pb) 1,000 
Cadmium (Cd) 10 
Chromium, total (Cr total) 600 
Copper (Cu) 600 
Nickel (Ni) 600 
Mercury (Hg) 10 
Zinc (Zn) 1,500 
Cyanide, total (CN—total) 100 
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   Table C.3: Correlation values for solids 
 
Elements/compounds Concentration  in (mass   %) 
Organic proportion of the dry residue of the 
original substance , detesmined as 
 
TOC <= 6 
LOI <= 12 
 
 
   Table C.4: Limit values for eluates  
 
Inorganic substances 
Concentration  in ( μg/l ) 
Arsenic ( As ) 10 
Lead ( Pb ) 25 
Cadmium ( Cd ) 5 
Chromium, total (Cr ) 50 
Hexavalent chromium (Cr VI) 8 
Copper (Cu) 50 
Nickel ( Ni ) 50 
Mercury (Hg) 1 
Zinc (Zn) 500 
Cyanide, total ( −CN ) 50 
Cyanide, readily releasable ( −CN ) 10 
 
 
Organic substances 
 Concentration  in ( μg/l ) 
PAHs, total 
-Naphthalene 
0.2 
2 
Highly volatile halogenated 
hydrocarbons, total 
10 
PCB, total 0.05 
Mineral oil hydrocarbons 
200 
BTEX 20 
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Appendix D 
Methods of Analysis 
 
Table D.1: Methods of analysis – solids 
 
Analysis parameter 
 
Method 
 
Standard 
 
Publication date 
 
pH  soil quality DIN ISO 10390 May 1997 
 
dry matter  
 
soil quality, determination of dry matter and 
water content on a mass basis- Gravimetric 
method 
 
DIN ISO 11465 
 
December 1996 
 
cyanide, total  
 
soil quality  
 
E DIN ISO 11262  
 
June 1995 
arsenic  
 
determination of arsenic by atomic absorption 
spectrometry (AAS) – hydride technique 
 
DIN EN ISO 11969  
 
November 1996 
 
cadmium 
chromium 
copper 
nickel 
lead 
zinc 
 
atomic absorption spectrometry (AAS) for all 
metals 
 
inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) for all metals 
 
DIN ISO 11047 
 
 
DIN EN ISO 11885 
 
June 1995 
 
 
April 1998 
 
mercury  
 
water analysis 
AAS cold vapour technique 
 
DIN EN 1483 
DIN EN ISO 12338 
 
August 1997 
October 1998 
 
mineral oil 
hydrocarbons 
 
n-alkanes (in the range of C10 - C39), 
isoalkanes, cycloalkanes and aromatic 
hydrocarbons (gas chromatography) 
 
DIN EN 14039  
 
Draft 
December 2000 
 
highly volatile 
halogenated 
hydrocarbons 
 
sum of the halogenated C1 and C2 
hydrocarbons 
gas chromatography with electron capture 
detector (GC-ECD) 
 
DIN EN ISO 10301 
 
August 1997 
 
benzene and its 
derivatives 
(BTEX) 
 
BTEX-highly volatile halogenated 
hydrocarbons (benzene, toluene, xylene, 
ethylbenzene, styrene, cumen) 
 
DIN 38407, Part 9 
 
May 1991 
 
polynuclear aromatic 
hydrocarbons (PAC) 
 
soil quality, method using high-performance 
liquid chromatography (HPLC) 
HPLC or gas chromatography with ass 
spectrometer (GC-MS) 
 
DIN ISO 13877 
 
 
Code of practice 
no.1,LUA-NRW *) 
 
January 2000 
 
 
1994 
 
polychlorinated 
biphenyls 
(PCB) 
 
German standard methods for the examination 
f water, waste water and sludge – Sludge and 
sediments (group S) 
 
DIN 38414, Part 20 
 
January 1996 
 
TOC  
 
determination of organic and total carbon after 
dry combustion (elementary analysis). This 
standard refers to soil and is therefore also 
applicable to mineral wastes. 
 
DIN ISO 10694 August 1996 
 
loss on ignition  
 
 DIN 38414, Part 3 November 1985 
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Table D.2: Methods of analysis– eluates 
 
Analysis parameter 
 
Method 
 
Standard 
 
Publication 
date 
 
pH  
 
German standard methods for the 
examination of water, waste water and 
sludge; physical and physico-chemical 
parameters (group C); determination of the 
pH-value (C5) 
 
DIN 38404, Part 5 January 1984 
 
electrical conductivity 
 
German standard methods for the 
examination of water, waste water and 
sludge; water quality; determination of 
electrical conductivity 
 
DIN EN 27888 
 
November 1993 
 
total solids residue 
 
German standard methods for the 
examination of water, waste water and 
sludge; general measures of effects and 
substances (group H); determination of the 
total solids residue, the filtrate solids residue 
and the residue on ignition (H 1) 
 
DIN 38409, Part 1 January 1987 
 
cyanide, total 
cyanide, readily 
releasable 
 
German standard methods for the 
examination of water, waste water and 
sludge; anions (group D); determination of 
cyanides (D 13) spectral photometry 
 
DIN 38405, Part 13 
E DIN ISO 11262 
E DIN ISO 14403 
DIN 38405, Part 13 
DIN 38405, Part 14 
 
February 1981 
June 1995 
May 1998 
February 1981 
December 1988 
 
arsenic  
 
water quality - determination of arsenic 
with atomic absorption spectrometric 
method (hydride technique) 
 
DIN EN ISO 11969 
 
November 1996 
 
lead 
cadmium 
chromium, total 
hexavalent chromium 
(Cr VI) 
copper 
nickel 
zinc 
 
German standard methods for the 
examination of water, waste water and 
Sludge cations (group D) 
-determination by atomic absorption 
spectrometry (AAS) 
-determination by inductively coupled 
plasma atomic emission spectrography 
(ICP-AES) 
 
DIN 34806, Part 6 
DIN EN ISO 5961 
DIN EN 1233 
DIN EN ISO 10304-3 
DIN 38406, Part 7 
DIN 38406, Part 11 
DIN 38406, Part 8 
for all elements: 
DIN EN ISO 11047 
DIN EN ISO 11885 
July 1998 
May 1995 
August 1996 
November 1997 
September 1991 
September 1991 
October 1980 
June 1995 
April 1998 
 
mercury  
 
water quality 
AAS cold vapour technique 
 
DIN EN 1483 
 
August 1997 
 
BTEX  
 
GC-FID DIN 38407, Part 9 May 1991 
PCB, total  
 
GC-ECD 
GC-ECD or (GC-MS) 
 
DIN EN ISO 6468 
DIN 51527, Part 1 
DIN 38407, Part 3 
 
February 1997 
May 1987 
July 1998 
 
PAHs, total DIN  
 
 38407, Part 8 October 1995 
naphthalene  
 
GC-FID or GC-MS  
 
DIN 38407, Part 9 May 1991 
 
mineral oil 
hydrocarbon 
 
extraction by petroleum ether, GC-FID  
 
ISO/TR 11046 June 1994 
 
